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ABSTRACT
The e f fe c ts  of a p p lic a tio n  fa c to rs  on the performance of MCPA, 
d ifenzoquat, paraquat and glyphosate have been s tu d ied  in  r e la t io n  to  
very low volume, co n tro lled  drop s iz e  sprays. F ac to rs  s tud ied  were 
drop s iz e ,  herb ic ide  co n cen tra tio n , p o s itio n  of d ep o s it on the p la n t 
su rfa ce , and su rfa c ta n t co n cen tra tion .
Spray re te n tio n  was measured on wild oa t, ra d ish  and b a rley , 
comparing an a p p lic a tio n  of around 20 l.h a^ u s in g  250 um drops w ith  a 
conventional spray of around 200 l .h a  \  More herb ic id e  was re ta in e d  w ith 
the low volume r a te  a p p lic a tio n , but a g re a te r  p roportion  of th a t  r e ta in ­
ed w ith  th e  conventional spray was on the young and e re c t  p la n t p a r ts .
With MCPA and paraquat performance was unaffected  by drop s iz e  
between 200 and 400 pm, h erb ic id e  concen tra tion  or s u rfa c ta n t co n cen tra t­
ion , Glyphosate performance was not a ffe c te d  by drop s iz e  but was 
enhanced by h igher concen tra tio n s  of the h e rb ic id e . With d ifenzoquat, 
performance was im paired by h igher concen tra tions and la rg e r  drop s iz e s
due to  n ec ro sis  a t  the  s i t e  of trea tm en t, which reduced e n try  and move-
14ment of the  C -labelled  h e rb ic id e . Evidence i s  given th a t  stom ata!
guard c e l l s  are p re fe re n tia l  s i t e s  of e n try  of exogenously app lied  
chem icals, and i t  i s  suggested th a t  t h i s  may co n trib u te  to  the onset of 
n ec ro s is  by damage to  the stom atal mechanism, Difenzoquat performance 
was a lso  reduced by a low s u rfa c ta n t concen tra tion .
The e f fe c ts  of p o s itio n  of d ep o sit were sp e c if ic  to  each herb­
ic id e ,  On rad ish , paraquat was most e f fe c tiv e  when app lied  to  the  
cotyledons w h ils t MCPA was most e f fe c tiv e  on the  midvein of the f o l i a r  
leav es , and glyphosate when app lied  to  th e  f o l i a r  l e a f  laminae between 
v e in s. Paraquat and d ifenzoquat were most e f fe c tiv e  on younger leav es  
of w ild oat and towards the lam ina base, w h ils t le a f  age d id  no t in fluence
the performance of glyphosate w ith th is  sp ec ies .
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The methods of h erb ic id e  a p p lic a tio n  i:sed in  a g r ic u l tu ra l  p ra c tic e  
have changed l i t t l e  over many years (See Section 2 .1 ) . Conventional 
spraying i s  based on hydrau lic  nozzles which operate a t  0 .7  -  3»5 bars 
p ressu re  to  apply 100-500 l .h a   ̂ of spray l iq u id .
In  recen t y ears, p a r t ic u la r ly  s ince  1974, considerab le  in te r e s t  
has been shown in  methods of herb ic ide  a p p lic a tio n  using much lower 
volumes of spray l iq u id  p er u n it ground a rea , w h ils t m aintaining the 
same dose of herb ic ide  per u n it  a rea . These methods were made p o ssib le  
by the  use of techniques which produce sprays of r e la t iv e ly  co n tro lled  
drop s iz e , and such methods have become known by the  c o lle c tiv e  term 
c o n tro lled  drop a p p lic a tio n , or GDA (B r it is h  Crop P ro tec tio n  Council, 
1978) .  C ontro lled  drop ap p lic a tio n  has been the su b jec t of ex tensive 
ev alua tion  in  f i e ld  experim entation by government and in d u s tr ia l  re sea rch  
groups in  the U.K., lead ing  to  the general conclusion th a t  h erb ic id es 
which are  well tra n s lo c a te d  w ith in  p la n t t is s u e s  are  about as e f fe c tiv e  
a t  volume r a te s  of around 20 l .h a   ̂ as  a t  more conventional volume r a te s .  
H erbicides which are  poorly tra n s lo c a te d  (th e  so -c a lle d  'C o n tac t' herb­
ic id e s )  are  g en e ra lly  le s s  e ff ic a c io u s  as volume r a te s  a re  reduced.
The d is t in c t io n  i s  le s s  c le a r  cu t w ith some h e rb ic id es , whose s u i t ­
a b i l i ty  f o r  GDA v a r ie s  according to  such f a c to rs  as season and c lim ate .
Although re te n tio n  appears to  favour red u c tio n  in  volume r a te s  
(See S ection  2.3*2) few in stan ces  of improved h erb ic id e  performance by 
co n tro lled  drop ap p lic a tio n  a t  very low volume r a te s  have been observed. 
To date the reasons fo r  d iffe re n c e s  in  e ff ic a c y  between GDA and conven­
tio n a l  herb ic ide  a p p lic a tio n s  have no t been adequately  id e n tif ie d .
Changes in  method of h erb ic id e  a p p lic a tio n  might be expected to  
a f fe c t  sev era l of the processes in  the sequence from em ission of spray
“2-
from the atom iser to  the f in a l  e f fe c ts  of the herb ic ide  molecule a t  i t s  
s i t e  of a c tio n  in  the  p la n ts . These changes would probably in fluence 
the  magnitude of lo sse s  of e f fe c tiv e  herb ic ide  occurring during the 
a p p lic a tio n  sequence as in d ica ted  in  Table 1 .1 , so th a t  study of such 
q u a n ti ta t iv e  e f fe c ts  should id e n tify  the causes of d iffe re n c es  between 
a p p lic a tio n  methods.
The p resen t study was intended to  provide inform ation on the  
f a c to rs  resp o n sib le  f o r  d iffe re n c e s  in  h erb ic id e  performance due to  
a p p lic a tio n  v a r ia b le s . I t  was a lso  intended th a t  the work should be 
re le v a n t to  co n tro lled  drop a p p lic a tio n  a t  very low volume r a te s ,  w ith 
some comparison between t h i s  type of ap p lic a tio n  and conventional spray­
ing . The v a ria b le s  considered to  be of most importance f o r  th is  study 
were drop s iz e , h e rb ic id e  concen tra tio n , su rfa c ta n t concen tra tion  and 
the p o s it io n  of the h erb ic id e  d ep o sit on the  p la n t su rface . Of these  
v a r ia b le s  the f i r s t  th ree  are  under the d ir e c t  co n tro l of the  o p era to r 
of spray  machinery w ith GDA equipment. The v a r ia tio n  in  concen tra tion  
of a c tiv e  in g red ien t and of ad d itiv e s  between the  two types of spray­
ing i s  e sp e c ia lly  marked and might be expected to  produce d iffe re n c es  
in  e ffe c tiv e n e s s . With th ese  f i r s t  th ree  v a riab le s  the e f fe c t  on 
b io lo g ic a l e ff ic a cy  of the h e rb ic id es  was considered to  be the  im port­
an t s ta r t in g  p o in t f o r  in v e s tig a tio n , and from th i s  p o in t of view 
techn iques were necessary  to  i s o la te  these e f fe c ts  from o thers  such 
as re te n t io n , thus confin ing  the fa c to rs  involved to  processes G and D 
in  Table 1 .1 .
With the fo u rth  v a r ia b le , p o s itio n  of the herb ic ide  d ep o sit, i t  
was necessary  to  consider two asp ec ts; f i r s t l y  the  e f fe c ts  of chang­
ing the  ap p lic a tio n  on the  p o s itio n s  of the re ta in e d  spray d ep o sits , 
and secondly the d iffe re n c e s  in  b io lo g ic a l performance of herb ic ide
Table 1.1 P rocesses in  the Sequence from em ission of spray from the 
atom iser to  th e  f in a l  e f fe c ts  of the  h e rb ic id e  a t  i t s  s i t e  
of a c tio n , and lo sse s s  of a c tiv e  in g red ien t during th is  
sequence.
Process Losses
A Movement of drops from 1. D r if t  of spray  out of
spray machine to  ta rg e t ta rg e t  a rea .
zone. 2. In te rc e p tio n  by crop or
o th er n o n -ta rg e t o b s tac le .
B Impaction and re te n tio n 1. Spray drops m issing ta rg e t .
of spray on ta rg e t  su rface . 2. Spray drops r e f le c te d  from
ta rg e t  su rface .
3. Spray l iq u id  leav in g
ta rg e t  su rface  by "run -o ff"
fo llow ing  coallescence of
drops.
G Entry of a c tiv e  in g re d ie n t 1. L e ft on p la n t su rface .
in to  p la n t t is s u e . e i th e r  in  c a r r ie r  or a f t e r
evaporation  of c a r r ie r .
2. In  an unavailab le  s ta te  in
n o n -c e llu la r  surface
la y e r s .
3. Washed o ff  by r a in  or o ther
p re c ip i ta t io n  before en try
can take p la c e .
4. Blown or shaken o ff by wind
before en try  can take p lace .
5. Breakdown of a . i ,  on s u r­
face  (eg by ox idation .
photodecom position).
6 . R ed is trib u tio n  of a . i .  on
s u rfa c e .
7. V o la ti l iz a tio n  of a . i .
D Movement of ac tiv e 1. Remaining in  t is s u e
in g re d ien t to  s i t e  of ad jacen t to  s i t e  of en try .
a c tio n . 2. Moving to  ano ther s i t e
(eg by a p o p la s tic  movement
in  tra n s p ira t io n  s tream ).
3. D etox ication  by p la n t.
4. Removals from tra n sp o rt
system en ro u te .
5. Movement blocked en ro u te .
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d ep o slts  a t  these various p o s itio n s . The vary ing  r e s u l t s  of f ie ld  and 
la b o ra to ry  experim ents w ith h e rb ic id es  have o ften  been ascribed  to  the  
p o s itio n a l asp ects  of the a p p lic a tio n , but th e re  i s  l i t t l e  supporting 
evidence. For example reduced e ffe c tiv e n e ss  i s  o ften  a t tr ib u te d  to  poor 
'c o v e r ', a term used a r b i t r a r i l y  to  describe  the degree of d isp e rs io n  of 
spray over the ta rg e t  su rface . Also re fe ren ce  i s  o ften  made to  t r e a t ­
ment of the ' growing p o in t ',  assuming th i s  to  be b e n e f ic ia l .  The 
r e la t iv e ly  small l i t e r a tu r e  on th is  to p ic  i s  reviewed in  Section 2 .2 .
Four r a th e r  d if f e r e n t  fo lia g e -a p p lie d  h e rb ic id es  were chosen f o r  
th i s  in v e s tig a tio n  (See S ection  3*2). MCPA and difenzoquat are  used 
s e le c t iv e ly ,  mainly in  c e re a ls , fo r  the co n tro l of dicotyledonous weeds 
and w ild oa ts  re sp e c tiv e ly , and both have been the su b jec t of recen t 
research  on GDA (See Section  2 .1 ) .  Paraquat and glyphosate were the 
o ther h e rb ic id es  chosen, because both can be used f o r  to t a l  weed co n tro l 
and could th e re fo re  be used on the  same sp ec ies  as MGPA and d ifenzoquat. 
This allowed comparisons between h e rb ic id es  to  be made w ithout com­
p lic a t io n  due to  d if f e r in g  p la n t m a te r ia l. Paraquat, which i s  u su a lly  
poorly  tra n s lo c a te d , d i f f e r s  markedly from th e  w e ll- tran s lo c a ted  
glyphosate. This d iffe ren c e  was expected to  be of importance in  d e te r ­
mining s u i t a b i l i t y  of the h e rb ic id es  to  low volume ap p lic a tio n .
Having id e n tif ie d  the in fluence of a p p lic a tio n  v a riab le s  on the 
b io lo g ic a l e ffic a c y  of th ese  fo u r  h erb ic id es  i t  was the in te n tio n  of 
th i s  study to  go some way towards exp la in ing  the causes of such e f fe c ts .  
The en try  and movement of h e rb ic id es  were thought to  be l ik e ly  a reas  of 
p ro f i ta b le  study and some work has been c a rr ie d  out on th is  to p ic . No 
attem pt was made, however, to  study biochem ical asp ec ts  of herb ic ide  
mode of a c tio n  since  i t  was f e l t  u n lik e ly  th a t  ap p lic a tio n  v a ria b le s  
would a f f e c t  such processes o th er than through changes in  the amounts 
of h erb ic id e  en te rin g  and moving w ith in  the  p la n t.
-Aj,-
2. LITERATURE REVIEW
2.1 C ontrolled  drop and low volume a p p lic a tio n
Rose ( 1983) described  numerous machines using r e la t iv e ly  low 
volume r a te s ,  includ ing  high speed a i r  j e t s  and ro ta ry  devices used by 
the p ioneers of modem chemical crop p ro te c tio n  to  apply o i l s  and 
p y re th rin s  f o r  the  co n tro l of in se c t p e s ts  by "concentrate  spraying" 
methods during  the  1920's  and 1930's .  Subsequently concen tra te  spray­
ing , or u l t r a  low volume (ULV) spraying has g en e ra lly  been a sso c ia ted  
w ith in se c tic id e  a p p lic a tio n , where ty p ic a l ly  very small drop s iz e s  
are  d r i f te d  o r blown w ith  a i r  c u rren ts  onto the ta rg e t  (Maas, 1971).
Maas a lso  d escrib es  the sp e c ia l fo rm ulation  requirem ents of ULV spray­
ing , such as the use of lo w -v o la ti l i ty  c a r r ie r  l iq u id s  to  ensure drop 
lo ngev ity  in  evaporative cond itions when using these  very small drops.
This " tra d i t io n a l"  form of ULV spraying  has no t been w idely 
adopted f o r  h e rb ic id es , la rg e ly  because of the danger of h e rb ic id es  
d r i f t in g  onto s e n s itiv e  crops or n a tu ra l v eg e ta tio n  o u tsid e  the sprayed 
a rea . However, in  ex tensive  s i tu a t io n s  where these  dangers are  reduced 
ULV herb ic ide  spraying has been su ccess fu l, no tab ly  in  fo re s try  where 
woody species  and h ea th er (Calluna v u lg a r is ) have been co n tro lled  w ith 
a 2 ,4 ,5“T and 2,4-D m ixture, and bracken with asulam, using hand-held 
spinning d isc  sp rayers (Brown and Thomson, 1974; Rogers, 1975).
In  a rab le  uses of h e rb ic id es , spray volumes have ranged from
-1 -1l e s s  than I50 l .h a  to  g re a te r  than 5OO l .h a  , but are g en e ra lly  between
200-300 l .h a   ̂ (Cussans and Taylor, 1978; M .A .F.F., 1978). Recent 
surveys have shown th a t  such high volume r a te s  re q u ire  much time and 
energy f o r  w ater haulage and tank r e f i l l i n g  (M .A.F.F., 1978; Byass 
and Lawrence, 1978) suggesting  th a t  a red u c tio n  in  volume ra te s  could 
have economic advantages over p resen t methods.
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A red u c tio n  in  spray volume r a te s  would help in  a number of 
ways. F i r s t ly  i t  would ensure b e t te r  use of the  lim ite d  time period  
during  which h e rb ic id es  can be sa fe ly  app lied  to  ce rea l crops (Evans, 
1974) ,  e sp e c ia lly  in  w in ter c e re a ls  where th e  poorer weather cond itions 
f u r th e r  r e s t r i c t  the  time a v a ila b le  f o r  spray ing . A red u c tio n  in  v o l­
ume r a te  could ren d er more days s u ita b le  f o r  spraying when problems of 
access  to  wet land  would r e s t r i c t  normal spraying; the  combination of 
low volume r a te s  w ith sp e c ia l lig h tw e ig h t spray  v eh ic les  may be of 
importance here (Cussans and Ayres, 1978). Other weather co n d itio n s, 
such as wind and r a in ,  may a lso  r e s t r i c t  th e  time a v a ila b le  f o r  sp ray­
ing (Adams, 1978; Tottman and P h ill ip so n , 1974) and here the tim e lin ess  
of low volume ap p lic a tio n s  would be of value . The p o te n tia l  f o r  reduced 
weight of the to t a l  spray v eh ic le  could r e s u l t  in  reduced s o i l  com­
p ac tio n  and le s s  damage to  the growing crop by wheel marks. F in a lly  
expensive spray ad d itiv e s  which may b e n e f it  herb ic ide  performance could 
become economic when volume r a te s  can be s u b s ta n tia l ly  reduced. (Taylor 
and Holly, 1976).
I t  i s  g en e ra lly  accepted th a t  some co n tro l over drop s iz e  i s  
necessary  to  m aintain  uniform ity  of d is t r ib u t io n  of spray a t  very low 
volume r a te s ,  and to  avoid wasted spray in  the  form of e i th e r  drops 
which are too sm all and d r i f t  from the ta rg e t  a rea  or those which a re  
too la rg e  to  be re ta in e d  on weed fo lia g e . Hence much of the previous 
work on very low volume a p p lic a tio n s  of h e rb ic id es  has been w ith sprays 
of uniform or narrow spectrum drop s iz e s .  Rose ( I 963) d escrib es e a r ly  
s tu d ie s  by E. J .  Bals on the use of ro ta ry  a tom isers to  produce such 
uniform drop s iz e s  f o r  p e s tic id e s , and ro ta ry  atom isers are a lso  widely 
used in  the chemical engineering  in d u stry  f o r  spray dry ing , as reviewed 
by Dombrowski and Munday ( I 968) .
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The most commonly employed ro ta ry  a tom isers in  herb ic ide  
re sea rch  have been spinning d isc s , although a device comprising fo u r 
ro ta t in g  tubes was developed by Amchem Products in  the U.S. which 
produced a r e la t iv e ly  la rg e  drop s iz e  of 540 pm  mean d iam eter, which 
was designed p rim arily  fo r  s o il-a p p lie d  h e rb ic id es .
In  ad d itio n  to  ro ta ry  a tom isers, nozzles have a lso  been 
designed th a t  produce r e la t iv e ly  uniform drop s iz e s ,  and some success 
has been achieved w ith so -c a lle d  "m agnetostric tive"  nozzles in  which 
p ie z o e le c tr ic  c ry s ta ls  c re a te  c y c lic  d istu rb an ces  causing a  re g u la r  
breakup of l iq u id  stream s (Bouse, H aile and Kunze, 1974).
Only in  re c en t years has rig o ro u s b io lo g ic a l experim entation 
w ith  low volume spraying been attem pted using con tro lledd rop  s iz e  
sp ray ers . Sokolov e t  a l . (1970) described  work using sp inning  d isc s  to  
apply  o il-b ased  so lu tio n s  of 2,4-D e s te r  w ith  promising r e s u l t s .  L ater 
work confirmed these r e s u l t s  using 2,4-D e s te r  in  d e is e l  fu e l  o i l  as 
the c a r r ie r  l iq u id ,  and a lso  showed th a t  w ater-based form ulations of 
2,4-D amine f o r  b arley  crops and MGPA sodium f o r  f la x  could be success­
f u l ly  app lied  a t  6-25 a-nd 25-501*ha  ̂ re sp e c tiv e ly  (Sokolov e t  a l , 1974). 
Barzee and Stroube (1972), using the Amchem ro ta ry  atom iser, app lied  
a range of pre-emergence h e rb ic id es  a t  volume r a te s  of 9*35 sind 37*4 
l .h a   ̂ and concluded th a t  such h e rb ic id es  could be as e f fe c tiv e  a t  these 
very  low volume r a te s  as a t  the  conventional r a te  of 187 l*ha"^. Exper­
im ents w ith m agnetostric tive  nozzles rep o rted  by Buering, Roth and 
Santleman (1973) showed th a t  fo lia g e -a p p lie d  h e rb ic id es , includ ing  
paraquat, gave b e t te r  co n tro l of weeds a t  h igher volume r a te s  and with 
sm alle r drop s iz e s .
In  B r ita in  p re lim inary  work to  a ssess  the p o te n tia l  of very low 
volume a p p lic a tio n  of h e rb ic id es  a t  the  Weed Research O rganization has
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been reviewed by Cussans and Taylor ( I 976) .  In  the o r ig in a l s tu d ie s  
commercially av a ilab le  spinning  d isc s  in tended fo r  the a p p lic a tio n  of 
in s e c tic id e s  a t  ULV ra te s  were used, but a t  lower ro ta tio n a l  speeds to  
produce r e la t iv e ly  la rg e  drops of 280 pm. To overcome problems w ith 
the uneven d is t r ib u t io n  of drops across  the  swath the d isc s  were 
shrouded, and spray co n trib u tin g  to  the o u te r p o rtio n  of the  swath 
captured and recycled . The d isc s  employed could only produce uniform 
drops w ith o i l  so lu tio n s , so the  o il-so lu b le  h e rb ic id es  barban, 2,4-D 
e s te r  and t r i a l l a t e  were app lied  in  o i l  c a r r i e r  l iq u id s  in  comparison 
w ith conventional a p p lic a tio n s , which were emulsions in  w ater. The 
r e s u l t s  suggested th a t  th ese  h e rb ic id es  could be app lied  a t  very low 
volume r a te s  in  th i s  manner w ithout major lo s s  in  e ffe c tiv e n e ss  (Taylor 
and M e rr i t t , 1974). L a te r  the production of a spinning d isc  which 
could atomise w ater-based sprays uniform ly a t  p ra c t ic a l  flow  r a te s  le d  
to  improved designs (Taylor, M erritt and Drinkwater, 1976) involv ing  
s tack ing  of shrouded d isc s  to  provide an even spray d is t r ib u t io n  across 
the swath and h igher output w ithout the need to  recy c le  spray. This 
design in  tu rn  led  to  the  development of a commercial t r i a l s  sp rayer 
(Hind, 1978) and a commercial tractor-m ounted farm sp rayer (Farmery 
and Peck, I 976) . Glasshouse experiments a t  th e  W.R.O. were conducted 
to  a ssess  the s u i t a b i l i ty  of a wide range of fo lia g e -a p p lie d  h erb ic id es  
f o r  a p p lic a tio n  a t  volume r a te s  between 5 and 45 Lha  ̂ using drop s iz e s  
between I 50 and 350 pi» a  range th a t  has become known as co n tro lle d  drop 
a p p lic a tio n  or GDA (M erritt and Taylor, 1977). These glasshouse exper­
iments showed th a t  some h e rb ic id es  were as e f fe c tiv e  a t  very low volume 
r a te s  as a t  conventional r a te s ,  w h ils t o thers  were markedly reduced in  
performance as  volume r a te  was lowered. In  general those h erb ic id es  
which were le s s  e f fe c tiv e  w ith in  th e  GDA range were con tac t h e rb ic id es , 
such as bentazone and th e  m ixture of io x y n il and bromoxynil, which a re
only tra n s lo c a ted  in  p la n t t is s u e s  to  a l im ite d  ex ten t and th e re fo re  
mainly a f fe c t  only those p la n t p a r ts  which r e ta in  the  spray . Herb­
ic id e s  which were known to  be well tra n s lo c a te d  g en era lly  performed 
w ell a t  very low volume r a te s ,  although some, such as the  phenoxy- 
p rop ion ics , mecoprop and d ich lo rp rop , were in  an in te rm ed ia te  category 
w ith some reduction  in  performance by GDA.
A programme of f i e ld  experim ents follow ed the i n i t i a l  g la s s ­
house study , A dicamba m ixture performed as w ell w ith GDA as with 
conventional methods f o r  dicotyledonous weed co n tro l in  c e re a ls , w h ils t 
an io x y n il mixture was le s s  e f fe c t iv e ,  agreeing  w ith th e  e a r l i e r  f in d ­
ings (Ayres, 19?6; Ayres and M e rr it t,  1978). Barban was as e f fe c tiv e  
f o r  w ild oat co n tro l a t  201. ha”  ̂ as by conventional spraying  a t  175 
1. ha ^ , w h ils t d ifenzoquat produced somewhat v a riab le  r e s u l t s  (Wilson, 
1976; Wilson and Taylor, 1978; Ayres, 1978a). In  the case of 
d ifenzoquat i t  appeared th a t  d iffe re n c es  between seasons and d a tes  of 
ap p lic a tio n  occurred w ith GDA trea tm en ts . The d iffe re n ce s  may have 
been due to  weather cond itions or to  crop canopy in te rc e p tio n  of spray 
(Ayres, 1978a). Work with glyphosate on Agropyron repens (Gouch) 
showed th a t  th i s  h erb ic id e  was c o n s is te n tly  more e f fe c tiv e  with GDA. 
(Turner and Loader, 1978; Gaseley, Goupland and Simmons, 1976).
F in a lly  work w ith s o il-a p p lie d  h erb ic id es  f o r  dicotyledonous weed con­
t r o l  on organic s o i l s  (May and Ayres, 1978) and b lackgrass co n tro l 
(Ayres, 1978b) gave r e s u l t s  which were s im ila r  f o r  GDA and conventional 
a p p lic a tio n s , although th e re  was a suggestion  of poorer r e s u l t s  w ith 
GDA a t  the l a t e r  post-em ergent d a te , p o ssib ly  due to  an increase  in  
the  importance of f o l i a r  a c t iv i ty .
Following the in tro d u c tio n  of commercial t r i a l s  and farm GDA 
machines many more comparisons between GDA and conventional spraying
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were made, and some re p o rts  suggested eq u iv a len t weed co n tro l by GDA 
and conventional methods (Grosjean and Gook, 1978; Mayes and Blanchard,
1978) w h ils t o thers  showed th a t  GDA produced poorer r e s u l t s  (B ailey  and 
Smart, 1976; B ailey  e t  a l , 1978; H arris  e t  a l , 1978; Robinson, 1978). 
However the r e s u l t s  la rg e ly  depended on the  h erb ic id es  used s ince  many 
of the poorer r e s u l t s  were obtained w ith the  con tac t or sem i-contact 
h e rb ic id es . The general consensus from a l l  th i s  f i e ld  ev alua tion  
remains th a t  most h e rb ic id e s , excepting the  purely  co n tac t ones, p e r­
form about as w ell, or s l ig h t ly  le s s  e f fe c t iv e ly  w ith GDA as w ith con­
ven tional spraying , and th a t  the agronomic b e n e f its  from reduced volume 
r a te s  make GDA an a t t r a c t iv e  technique. However, th e re  remains a 
lack  of published research  on the more fundamental a sp ec ts  which might 
help to  exp la in  the  observed f i e ld  and greenhouse r e s u l t s  in  terms of 
the e f fe c ts  of changing a p p lic a tio n  method on h erb ic id e  performance.
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2.2  The importance of form of d ep o sit
I t  i s  well e s ta b lish e d  th a t  the p hysica l p ro p e rtie s  of sprays 
a f f e c t  the  amount of h erb ic id e  re ta in e d  by p la n t su rfaces , and thereby 
in fluence  herb ic ide  performance. There i s  much le s s  published inform­
a tio n  on the  importance of the form of the h erb ic id e  d ep o sit in  d e te r ­
mining the  b io lo g ic a l e f f e c t .  This lack  of study  i s  p a r t ly  due to  the 
p ra c t ic a l  d i f f i c u l t i e s  of such work, p a r t ic u la r ly  of producing uniform 
drops of s iz e s  normally encountered in  a g r ic u l tu ra l  sprays and applying 
them to  p la n t su rfaces  in  a predeterm ined manner.
S tud ies of drop s iz e , and of drop d e n s ity  (volume r a te )  have 
been achieved by spraying whole p la n ts ,  u su a lly  w ith equipment based 
on spinning d isc s  to  provide c o n tro lle d  drop s iz e s ,  but o ften  the  
in fluence of re te n tio n  has not been determ ined or iso la te d  from e f fe c ts  
due to  the  form of d ep o s it. Ennis and Williamson ( I 963) used an e lab ­
orate  sh u tte red  spinning  d isc  device which was capable of applying a 
chosen dose to  a chosen a rea  in  uniform drops. They used th is  to  study 
the  e f fe c ts  of drop s iz e  on the  reduction  in  y ie ld  of a  range of crop 
species  by sev era l h e rb ic id e s , includ ing  2,4-D . With a l l  h e rb ic id es  
sm all drops (about 100 p i)  were more e f fe c tiv e  than la rg e  drops (about 
300 p i ) . They suggested th a t  the d iffe re n c e s  were due p a r t ly  to  the 
la rg e r  drops becoming p h y sio lo g ica lly  iso la te d  due to  profound e f fe c ts  
on c e l ls  immediately beneath the drops, and p a r t ly  to  the g re a te r  l ik e ­
lihood of small drops achieving  d ir e c t  co n tac t of chemical w ith s i t e s  
of g re a te s t  a c t iv i ty ,  such as the stem growing p o in ts . McKinlay, 
Brandt, Morse and Ashford (1972) rep o rted  s im ila r  r e s u l t s  w ith 2,4-D 
on sunflower comparing drops of 100-400 pn, ap p lied  w ith a  spinning 
d isc . Work with paraquat on sunflower (McKinlay, Ashford and Ford, 
1974) again  suggested th a t  sm alle r drops (100 pn) were more e f fe c tiv e
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thaxL la rg e r  drops (350 p i )  but a lso  th a t  lower volume r a te s  ( ie  h igher 
co n cen tra tio n s) were more e f fe c t iv e .  Douglas ( I 968) app lied  w ell­
spaced drops from a spinning  d isc  to  bean leav es  and assessed  the 
in fluence of drop s iz e  on d iquat and paraquat to x ic i ty  by measuring 
le s io n  d iam eter. By th is  method he found th a t  an optimum drop s iz e  
occurred f o r  both h e rb ic id e s , th i s  being about 400 um fo r  paraquat and 
about 500 p i  f o r  d iq u a t. However when he sprayed whole Polygonum
a v icu la re  p la n ts  w ith paraquat he found th a t  to x ic i ty  increased  with
decreasing  drop s iz e  down to  250 p i .  He a sc rib ed  th i s  e f f e c t  to  
re te n tio n  because the  co n tac t angle of drops on P . av icu la re  leaves 
was high. Buering, Roth and Santleman (1973) used m agnetostric tive  
nozzles to  study the e f fe c ts  of drop s iz e  on paraquat, MSMA and 
fluom eturon a c t iv i ty  on dicotyledonous weeds, and found in  each case 
th a t  sm aller drops and h igher volumes were more e f fe c t iv e ,  although 
th e i r  sm alle s t drop s iz e  was 400 p  and th ese  were compared with very 
la rg e  drops up to  860 p .  R etention was not considered as a  f a c to r  in  
th ese  experim ents, bu t i t  may well have had a major in flu en ce . Lake 
and Taylor (1974) compared drop s iz e s  of 100-400 p  and volume r a te s  
up to  100l.ha”  ̂ of barban on wild o a t. They measured re te n tio n  and
found th i s  to  be l in e a r ly  r e la te d  to  volume r a te  w ith no e f fe c t  of
drop s iz e . T heir r e s u l t s  showed th a t  a given volume of the  sm aller 
drops was more e f fe c tiv e  in  reducing the growth of w ild oat than an 
equal volume of the la rg e r  drops.
The e f fe c t  of p o s itio n  of the h erb ic id e  d ep o sit on p lan t su r­
faces  has g en era lly  been in v es tig a te d  using m icrosyringes to  apply 
the  drops, but the sm alle s t drops which can be produced and placed on 
le a f  su rfaces  are  about 0.2 /H (726 p )  and in  p ra c tic e  much work with 
m icrosyringes has involved even la rg e r  drops. M ullison (1953) app lied
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a range of concen tra tions of 2,4-D to  bean p la n ts  in  drops of 2-6 uL, 
N either the drop s iz e s  or co n cen tra tions used a ffe c te d  2,4-D a c t iv i ty  
a t  a given dose. Holly (195^) compared a  range of d if f e r e n t  p o s itio n s  
of trea tm en t of lin see d  and sunflow er using MGPA and 2 ,4 ,5 -T  ap p lied  in  
drops of 5 p i • H erbicide performance was not a ffe c te d  by most p o s itio n ­
a l  v a r ia tio n s  te s te d , inc lud ing  proximal and d i s t a l  ends of cotyledons 
and cotyledon a x i ls .  Treatment to  the  second le a f  p a i r  of sunflow er 
was s l ig h t ly  more e f fe c tiv e  than treatm ent to  the f i r s t  l e a f  p a ir ,  
w h ils t treatm ent of the unopened term inal bud was le s s  e f fe c t iv e .  I t  
was suggested th a t  the treatm ent to  th e  term inal bud involved a  sm aller 
a rea  of co n tac t, which may p a r t ia l ly  exp la in  i t s  poorer e f fe c tiv e n e ss  
as a s i t e  of ap p lic a tio n , w h ils t d iffe re n c e s  between the f i r s t  and 
second le a f  p a ir  were b e s t explained in  terms of tra n s lo c a tio n  s ince 
th e re  were s im ila r  degrees of n ec ro sis  caused by treatm ent to  th ese  
two p o s itio n s  but the second le a f  p a i r  was c lo se r  to  the a c t iv e ly  grow­
ing term inal node.
There are  sev era l re p o r ts  of work w ith w ild oat h e rb ic id es  in  
r e la t io n  to  p o s itio n  of d e p o s it. Holly ( I 960) found th a t  barban was 
more e f fe c tiv e  when placed a t  the le a f  base and le a f  sheath  than a t  the 
le a f  t i p .  S im ilar r e s u l t s  were obtained by Neidermeyer and Nalewaja 
( 1974) and Goupland, Taylor and G aseley(l978) using w ild oa ts  a t  d i f f e r ­
en t s tag es  of growth. O ther wild oat h e rb ic id es  were found to  be more 
e f fe c tiv e  a t  le a f  bases and on le a f  sheaths, includ ing  ch lorfenprop- 
methyl, benzoy lp rop-ethy l, HOE 23408 defenzoquat and flamprop-methyl 
(Hack, 1973; B ischof and W alter, 1974; W alter and B ischof, 1976; 
Goupland, Taylor and Gaseley, 1978). W alter and Bischof (1976) suggest­
ed th a t  the  amount of e p ic u tic u la r  wax a t  the  s i t e  of trea tm en t may be 
la rg e ly  resp o n sib le  fo r  observed d iffe ren ce s  in  herb ic ide  performance, 
a view shared by Goupland e t  a l . (1978). The l a t t e r  a lso  found d i f f e r ­
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ences between a p p lic a tio n s  to  leav es  of d i f f e r e n t  ages. G enerally 
the youngest f u l ly  expanded le a f  was the  most e f fe c tiv e  s i t e ,  with 
younger and o ld er leaves being le s s  e f fe c t iv e .  These d iffe re n ce s  were 
a t t r ib u te d  to  the a b i l i t y  of the leaves to  export a s s im ila te s  and 
h e rb ic id e s . The work of Goupland e t  a l , (1978) a lso  included a study 
of p o s itio n  of glyphosate trea tm en t on th re e - le a f  couch p la n ts  
(Agropyron repens) . Here th e re  were no d iffe re n c e s  between le a f  age 
and i t  was suggested th a t  t h i s  may be due to  glyphosate being more 
re a d ily  tra n s lo c a te d , or p o ssib ly  to  d iffe re n c e s  in  the tra n s lo c a tio n  
systems of w ild o a t and couch.
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2.3  P lan t su rfaces  in  r e la t io n  to  h erb ic id e  performance
There have been many s tu d ie s  of p la n t su rfaces  inc lud ing  th e i r  
chemical and physica l natu re  and e f fe c ts  on the re te n tio n  and spreading 
of sprays as w ell as the  p e n e tra tio n  of substances in to  p la n t t i s s u e s .  
Several re c en t review s, which emphasize d i f f e r e n t  a sp e c ts , have been 
consulted  inc lud ing  those by C u rrie r and Dybing, 1959» Linskens,
Ibinen and S to f fe r s ,  1965; Franke, 196?; H ull, 1970; Kirkwood, 1972; 
Bayer and Lumb, 1973; H ull, Morton and W harrie, 1975 and Sargent, 1976, 
but th a t  by M artin and Ju n ip er (1970) has been most va lu ab le .
2 .3.1 Chemistry, s tru c tu re  and p ro p e rtie s  of p la n t su rfaces
The su rfaces  of the a e r ia l  p a r ts  of p la n ts  possess many fe a tu re s  
v is ib le  to  the  naked eye, such as trichom es and ve ins, p lu s o th ers  only 
d e te c ta b le  by l ig h t  and e le c tro n  microscopy. A ll of th ese  fe a tu re s  can 
in fluence  the  r e s u l t s  of h erb ic id e  a p p lic a tio n , as can the c u t ic le  
i t s e l f ,  which covers the e n t i re  p la n t su rface , includ ing  the  sub- 
stom atal c a v it ie s ;  i t  comprises sev era l more or le s s  d i s t in c t  la y e rs .
On the  ou ter su rface  of the  c u t ic le ,  and to  some ex ten t w ithin  
the c u t ic le ,  waxes are o ften  p re sen t, which show a range of morphologi­
ca l forms and c ry s ta l l in e  s tru c tu re s ,  although th is  e p i- c u t ic u la r  wax 
may be e n t i r e ly  absen t in  some species  (S c h ie fe rs te in  and Loomis, 1956 
and 1959; Eglington and Hamilton, I 967) . What determ ines the  form of 
th is  wax i s  no t y e t f u l ly  understood. I t  was thought th a t  wax morph­
ology was determ ined by the way the  waxes were extruded (H all, I967; 
von W ettstein-Knowles, 1974), indeed s tru c tu re s  resem bling pores and 
channels in  the c u t ic le  have been observed through which wax could be 
extruded as p recu rso rs  or in  some v o la t i le  c a r r ie r  (H all, 1967;
F ish e r  and Bayer, 1972). However, evidence now suggests th a t  the
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chemical com position may he the  major f a c to r  determ ining the  morphology 
of the wax ( J e f f re e ,  Baker and Holloway, 1975)•
G u ticu lar waxes vary g re a tly  between species  in  th e i r  chemical 
com position, and include hydrocarbons (m ostly a lk an es), a lcoho ls 
(inc lud ing  d io ls ) .  Ketones (inc lud ing  d io n es), f a t t y  ac id s , hydroxy- 
f a t t y  ac id s and e s te rs  (M artin and Ju n ip er, 1970). Some waxes con ta in
aldehydes and c y c lic  compounds such as te rp en o id s. Chain len g th s  are 
ty p ic a l ly  21-35 carbon atoms fo r  hydrocarbons, a lcoho ls  and Ketones 
and 16-18 atoms f o r  f a t t y  a c id s . The fu n c tio n  of the e p ic u tic u la r  
waxes and the  o u ter su rface  of the c u t ic le  i s  la rg e ly  p ro te c tio n , ag a in s t 
w ater lo s s ,  u l t r a - v io le t  ra d ia t io n , high tem perature and abrasion  by 
wind-blown s o i l  p a r t ic le s  or damage by heavy r a in .  The chem istry and 
morphology of the su rface  waxes la rg e ly  determ ine the re s is ta n c e  of 
the  p la n t su rface  to  w ater lo s s  and thus in fluence  the w etting ch a ra c te r­
i s t i c s .  The w etting  and spreading of l iq u id s  on p la n t su rfaces  are  o ften  
c h a ra c te r ise d  by the angles of con tac t a t  the  l i q u id / s o l id /a i r  in te r fa c e . 
Fogg (1948) showed th a t  co n tac t angles of w ater on le a f  su rfaces varied  
d iu m a lly  due to  the w ater con ten t of the t i s s u e .  He suggested the 
v a r ia tio n  was due to  changes in  the co rru g a tio n  of the su rface , s ince  
su rface  topography or roughness i s  known to  in fluence  the co n tac t angle 
(Wenzel, 1946). Holloway ( I 969» 1970) found no d e f in i te  c o r re la tio n  
between the co n tac t angles of le a f  su rfaces  and of th e i r  in d iv id u a l 
chemical c o n s titu e n ts ; the con tac t angles of w ater on the waxes of 40 
spec ies  were between 92 and 107° w h ils t on the  in ta c t  p la n t su rfaces  they 
ranged between 40 and 170°. Hence the c ry s ta l l in e  s tru c tu re  seems to  be 
more im portant than  the chemical com position, presumably by in troducing  
a i r  film s  below the l iq u id  drop, making the su rface  a  composite of a i r /  
l iq u id  and s o l id / l iq u id  in te r fa c e s . The e f fe c t  of con tac t angle on 
spreading was s tu d ied  th e o re t ic a l ly  by Ford and Furmidge ( I 968) who
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pointed out th a t  impact energy, governed by drop s iz e  and v e lo c ity , 
w ill  a lso  a f f e c t  the ex ten t of drop spread.
A la y e r  composed la rg e ly  of c u tin , a polym erised form of 
hydroxy-fa tty  ac id s in  a th ree-d im ensional p o ly e s te r  network, l i e s  
immediately beneath the  e p ic u tic u la r  waxes. This la y e r  has been 
termed the 'c u t ic le  p roper' (M artin and Jun iper, I 97O) and in  a d d itio n  
to  cu tin  con ta ins some embedded waxes and o ther c o n s titu e n ts  such as 
tan n in s  and suberin . The p ro p e rtie s  of th i s  la y e r  are  determined by 
the la rg e ly  l ip o id a l  nature  of c u tin  so th a t  l ip id -s o lu b le  substances 
may be expected to  tra v e rse  the la y e r  most re a d ily , although Growdy 
( 1959) has poin ted  out th a t  p o la r  p ro p e rtie s  due to  the presence of 
Garboxylic ac id  groups in  the c u tin  may cause i t  to  absorb w ater and 
sw ell, thereby providing a r e la t iv e ly  hydrophilic  ro u te .
Between the c u t ic le  proper and the c e l l  w all th e re  e x is ts  in  
many p la n ts  a la y e r  con ta in ing  p e c tic  substances, and thought to  be 
continuous w ith the  middle lam ella  of the a n t ic l in a l  w alls of the 
epidermal c e l l s  (M artin and Ju n ip er, 1970). P ec tic  substances con tain  
a m ixture of po lysaccharides of which the  la rg e s t  component i s  the 
l in e a r  molecule of <K l->4  lin k ed  D -galacturonic ac id  re s id u e s , in  
which some of the carboxyl groups are m ethylated. In  many species  
th e re  a lso  appears to  be a d i s t in c t  la y e r  between the p ec tin  la y e r  and 
the c u t ic le  p roper, which may be termed the ' c u tin ise d  la y e r ' and 
con ta ins in  ad d itio n  to  c u tin  some c e llu lo se  f i b r i l s  extending from 
the c e l l  w all (O 'B rien, I 967» Hallam, I967) .
The c e l l  wall l i e s  between the pectinaceous la y e r  and the 
plasmalemma (th e  ou ter membrane of the cytoplasm) and i s  composed of 
a m atrix  of c e llu lo se  f i b r i l s  embedded in  a m atrix  of hem icellu loses 
and p ec tic  substances (Goodwin and Mercer, 1972). C ellu lose is  a
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polysaccharlde co n s is tin g  of ^1-^4 lin k ed  glucopyranose re s id u e s , and 
i s  re a d ily  hydrated so th a t  the c e l l  w all forms a s u b s ta n tia l  p a r t  of 
the  aqueous, e x t r a -c e l lu la r  volume of p la n t t is s u e s  (th e  a p o p la s t) , the 
s i t e  of the t ra n s p ira t io n  stream . Thus in  c rossing  from the o u te r 
su rfaces  of leaves to  the  l iv in g  c e l l s ,  substances must pass through 
the  la rg e ly  hydrophobic c u t ic u la r  la y e rs  and the hydrophilic  p e c tin ­
aceous la y e r  and c e l l  w all (Bayer and Lumb, 1973)* The f in a l  boundary 
which must then  be crossed  i s  the plasmalemma, which i s  composed of 
phospholipid  m olecules, probably la rg e ly  in  a bim olecular la y e r , w ith 
a sso c ia ted  p ro te in  m olecules, both on the su rface  and embedded w ith in  
the  l ip id  (Conn and Stumpf, 1972). A number of p o ssib le  mechanisms 
have been proposed f o r  tra n sp o r t across  the  plasmalemma; i t  i s  known 
th a t  in  ad d itio n  to  simple d iffu s io n , a c tiv e  p rocesses are  involved, 
and th a t  the plasmalemma, l ik e  o th er membranes, e x h ib its  s e le c t iv i ty  in  
i t s  perm eab ility  to  substances.
2.3*2 Im paction, re te n tio n  and spreading of spray drops on le a f
su rfaces
The e f f ic ie n c y  of a given a p p lic a tio n  depends in  p a r t  on the 
amount and d is t r ib u t io n  of spray im pacting on and being re ta in ed  by 
the p la n t su rfaces  and a lso  on the subsequent behaviour of the re ta in e d  
spray drops.
R etention has been measured under a  v a r ie ty  of cond itions us­
ing sev era l methods, Fogg (194?) determ ined re te n tio n  by weighing 
p la n ts  before and a f t e r  spraying . Many workers have added coloured 
dyes to  the  spray l iq u id  and determined r e te n tio n  spec tropho tom etrica lly  
a f t e r  washing the p la n ts  (H olly, 195^; Woofter and Lamb, 1954; B ru n sk ill, 
1956; Blackman e t  a l , 1958; Furmidge, 1962a; H ibb it, I 969; Lutman 
and 8agar, 1975» Sharma e t  a l ,  1978). O thers have used f lu o re sce n t
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dyes in  a s im ila r  way (Sharp 197^» 197&; Lake and Taylor, 1974; Lake, 
1977; M erritt and Taylor, 1978). Davies e t  a l , ( I 967) measured 
io x y n il re te n tio n  d i r e c t ly  by u l t r a - v io le t  spectrophotom etry of the 
io x y n il th a t  remained on the le a f .
Most of the  work rep o rted  above involved the measurement of 
r e te n tio n  of sprays from conventional hyd rau lic  nozzles. The con­
t r ib u t io n  to  s e le c t iv i ty  of d i f f e r e n t ia l  r e te n tio n  of herb ic ide  between 
r e la t iv e ly  waxy crop species  such as c e re a ls ,  f la x  and peas, and le s s  
waxy weed sp ec ie s , was s tu d ied  by Holly (1954), Blackman e t  a l . (1958), 
Davies e t  a l , ( I 967) , H ibbit ( I 969) and Sharma e t  a l . (1978). In  
general th i s  work showed th a t  re te n tio n  d iffe re n c e s  could account fo r  
a la rg e  p roportion  of the  observed s e le c t iv i ty ,  and th a t  low ering the 
su rface  ten sio n  by a d d itio n  of w etting  agents reduced s e le c t iv i ty  by 
in c reasin g  re te n tio n  on waxy species  bu t no t on le s s  waxy sp ec ies , 
Blackman e t  a l . (1958) a lso  showed th a t  a reduced mean drop s iz e  could 
increase  re te n tio n , again  causing reduced s e le c t iv i ty .  Blackman e t  a l , 
( 1958) and Woofter and Lamb (1954) showed th a t  the  growth stage  of 
p la n ts  a ffe c te d  le v e ls  of re te n t io n . Furmidge ( 1962a) stud ied  
re te n tio n  on a r t i f i c i a l  ta rg e ts  of beeswax and c e llu lo se  a c e ta te  a t  
the po in t of maximum re te n tio n , known as the po in t of " in c ip ie n t run­
off" , and derived  a re te n tio n  f a c to r  based on the dynamic advancing 
and receding  con tac t angles of the  spray l iq u id  on the ta rg e t  su rface , 
and the l iq u id  su rface  ten sio n . This f a c to r  could be used to  p re d ic t 
the  maximum re te n tio n  value. In  a second paper (Furmidge, 1962b) 
l e a f  su rfaces  were used; w h ils t re te n tio n  was p roportiona l to  the  
re te n tio n  f a c to r  on a given sp ec ie s , considerab le  v a r ia tio n  occurred 
between sp ec ie s . Furmidge believed  th a t  the  d iffe re n c es  were mainly 
due to  v a r ia tio n s  in  su rface  topography, or "roughness" a t  macro­
scopic and m icroscopic le v e ls .
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B ru n sk ill (1956) s tu d ied  the  r e te n t io n  of in d iv id u a l drops on 
pea leav es . R etention was in creased  by red u c tio n  in  drop diam eter, 
reduction  in  surface  ten sio n  and increase  in  drop v e lo c ity , w h ils t 
v is c o ity  seemed r e la t iv e ly  unim portant. The importance of surface 
ten sio n  was dem onstrated by using a range of concen tra tions of methanol 
and a c e tic  ac id . I t  was shown th a t  a t  the su rface  ten sio n  of pure w ater 
(about 72 mNm ^) re te n tio n  decreased a t  drop s iz e s  g re a te r  than about
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100 p i ,  w h ils t w ith a su rface  ten sio n  of about 40 mNm drops of 250 
and 350 p i  were com pletely re ta in e d . The use of su rfa c ta n ts  to  reduce 
surface  ten sio n  has to  be tre a te d  w ith some cau tion , however, s ince as 
H artley  ( I 966) poin ted  out the  dynamic su rface  ten sio n , such as a t  a 
newly formed su rface  during the im paction of a  drop, may d i f f e r  from 
the measured s t a t i c  su rface  ten sio n , due to  the  time taken fo r  la rg e  
su rfa c ta n t molecules to  d iffu se  towards and concen tra te  a t ,  the l iq u id -  
a i r  in te r f a c e .  In  a study of the im paction process Ford and Furmidge 
( 1968) revealed  th a t  the  tim es involved in  the  process of impaction 
were s u f f ic ie n t ly  sh o rt f o r  dynamic su rface  ten sio n  e f fe c ts  to  
in fluence the  r e s u l t .  Such e f fe c ts  may w ell exp la in  the observed 
in creases  in  re te n tio n  which occur beyond th e  c r i t i c a l  m icelle  con­
c e n tra tio n  of su rfa c ta n t  so lu tio n s , when the  surface  tension  i s  a t  a 
minimum (Davies e t  a l , 1967; H ib b it, I 969) .
Sprays produced by spinning d isc s , w ith  drops of uniform s iz e s  
f a l l in g  v e r t ic a l ly  a t  or below term inal v e lo c ity  have been used to  
study the e f fe c ts  of drop s iz e  and volume r a te  on re te n tio n . Using an 
o il- in -w a te r  emulsion Lake and Taylor (1974) found th a t  re te n tio n  on 
wild oat was d i r e c t ly  p ro p o rtio n a l to  volume r a te  up to  I 501 .ha , 
w ith no d iffe ren ce  between drop s iz e s  in  the range 110-440 p i .  However, 
w ith an aqueous so lu tio n  of ' A gral' s u rfa c ta n t  (O .l^  v /v) Lake (1977) 
found th a t  r e te n tio n  by young w ild oa t and b a rley  p lan ts  was lowered
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a t  drop s iz e s  above 110 p i ,  M e rr itt  and Taylor (1978), working with 
a h igher concen tra tion  of Agral (0.5% v /v ) found th a t  wild oa ts  r e ta in ­
ed 150 and 250 p i  drops equally  w ell, but th e re  was poorer re te n tio n  
of 350 p i  drops.
In  ad d itio n  to  c h a ra c te r is t ic s  of the  le a f  s u rfa c e , fo rm ulat­
ion and spray type, p la n t morphology, in  p a r t ic u la r  le a f  angle, has 
been found to  be of im portance. B ru n sk ill (1956), Davies e t  a l , ( I 967) . 
H ibbit ( 1969) and Lake (1977) a l l  found th a t  r e te n tio n  increased  as 
l e a f  angle approached the h o r iz o n ta l, although the r e s u l t s  a re  la rg e ly  
explained by the p ro jec ted  p lan  a rea  which a lso  in c reases  as  the 
h o rizo n ta l i s  approached. This i s  p a r t ic u la r ly  well dem onstrated by 
the r e s u l t s  of Lake (197?) who expressed re te n tio n  of a  p lan  area  
b a s is .  Lutman and 8agar (1975) proposed th a t  le a f  angle was a major 
f a c to r  causing an increase  of re te n tio n  by oa t p la n ts  grown a t  high 
n u tr ie n t  s ta tu s .
W hilst the t o ta l  r e te n tio n  by p la n ts  i s  undoubtedly im portant, 
the  d is t r ib u t io n  of re ta in e d  spray on the p la n t su rface  may be of equal 
or g re a te r  importance when th e re  e x is t  d iffe ren c es  in  the su scep t­
i b i l i t y  of a p la n t to  a herb ic ide  according to  the s i t e  of d ep o sitio n . 
Using sunflow er, Blackman e t  a l , (1958) showed th a t  although the bulk 
of re ta in e d  spray remained on the main le a v e s , a low ering o f surface 
ten sio n  markedly increased  the p roportion  on the shoot  apex, which 
might be expected to  a f f e c t  h erb ic id e  perform ance. H ibb it ( I 969) 
found th a t  when w ild oa ts  were sprayed w ith  a so lu tio n  devoid of 
su rfa c ta n t most of the re ta in e d  spray was lo c a ted  a t  the  le a f  base, 
and f la x  re ta in e d  most spray on the co ty ledons; both of these s i t e s  
had p rev iously  been shown to  be more e f fe c t iv e  s i t e s  of a p p lic a tio n  
of asulam (H ibb it, I 967) .  I t  th e re fo re  seems l ik e ly  th a t  the
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d is t r ib u t io n  of re ta in e d  spray  could be a major f a c to r  in  herb ic ide  
performance.
The form of a spray d ep o sit on a p la n t su rface  w ill  be a ffe c te d  
by the  degree to  which the  drops spread. Ford and Furmidge ( I 966) who 
d iscussed  drop spread in  terms of the energy con sid e ra tio n s  of the  
im paction process and of the physica l p ro p e rtie s  of the spray l iq u id ,  
derived  a form ula f o r  the spread f a c to r  (th e  r a t io  of the rad iu s  of the 
wetted a rea  to  th a t  of the o r ig in a l d ro p ), which depended on the  con tac t 
angle a t  the a i r / l iq u id / s o l id  boundary. Johnstone (1973) used th e  
spread f a c to r  to  determ ine the f ra c t io n a l  cover (defined  as the  wetted 
a rea  p er u n it  a rea  of su rface ) f o r  a range of drop s iz e s  and co n tac t 
an g les , showing th a t  the  f ra c t io n a l  cover i s  in v e rse ly  p ro p o rtio n a l to  
these  p ro p e r tie s . Thus reduction  in  su rface  ten sio n  and drop s iz e  w ill  
lead  to  g re a te r  a rea  of co n tac t of a given amount of spray.
V e rif ic a tio n  of th ese  c a lc u la tio n s  using a c tu a l spray drops on 
le a f  su rfaces  has been lim ite d  by techniques a v a ila b le , but such 
p ra c t ic a l  study has re c e n tly  become p o ssib le  using the scanning e le c tro n  
microscope in  conjunction  w ith techniques of Cathodoluminescence (Hess, 
Bayer and Falk , 1974), X-ray fluorescence (Falk , Hess and Bayer, 1975)» 
or by d ire c t  viewing of the d ep o s it by Seaman (1979) who found th a t ,  
using a su rfa c ta n t so lu tio n , the i n i t i a l  drop r e t r a c t s  as evaporation  
of w ater proceeds u n t i l  the  f in a l  form of the d ep o sit c o n s is ts  of sm all­
e r  drops and smears of the drop con ten ts a f t e r  most of the w ater has 
evaporated, apparen tly  confined to  p r e fe re n t ia l ly  w etted a reas .
2 .3 .3  The p en e tra tio n  of substances in to  p lan t t is s u e s
The in fluence  of le a f  su rface  fa c to rs  on the p e n e tra tio n  of 
p e s tic id e s  and p la n t n u tr ie n ts  has been s tu d ied  using both iso la te d
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c u t ic le s  and in ta c t  le a v es . C u tic le s  may be iso la te d  m echanically, 
by abrasion  of underlying t is s u e  or p ee lin g , or chem ically by b o ilin g  
w ith ammonium oxalate and oxalic  ac id , or by the  technique which i s  
now g en e ra lly  p re fe r re d , using enzyme p rep ara tio n s  to  d isso lv e  the 
p e c tic  la y e r  (N orris and Bukovac, I 968) . Goodman and Addy ( I 963) using 
chem ically iso la te d  c u t ic le s ,  concluded th a t  s iz e , ion ic  charge and 
sp ac ia l co n fig u ra tio n  of d i f f e r e n t  compounds had no in fluence on th e i r  
p e n e tr a b il i ty .  Work by N orris and Bukovac ( I 968 , I969, 1972) suggests 
th a t  p e n e tra tio n  through is o la te d  c u t ic le s  of 1-N aphthaleneacetic ac id  
operates la rg e ly  by d iffu s io n  a t  f a i r l y  low p e n e tra tio n  r a te s ,  although 
they suggest th a t  t h i s  may be a fe a tu re  of constan t volume aqueous 
p e n e tra tio n  methods, because when d ro p le ts  were allowed to  evaporate, 
p en e tra tio n  increased  as concen tra tion  increased . The high QIO value 
observed f o r  c u t ic u la r  p en e tra tio n  was a t t r ib u te d  to  the l ip o id a l  
nature of the c u t ic le  and changes in  i t s  physica l ch a rac te r  th a t  occurr­
ed a t  the  h igher tem peratures. Removal of su rface  wax a lso  caused a 
marked in crease  in  p e n e tra tio n , and f in a l ly  they concluded th a t  the  
observed r a te s  of p en e tra tio n  by these  methods could account f o r  
p h y s io lo g ica lly  s ig n if ic a n t  amounts of chemical en te rin g  p la n ts , thus 
obviating  the  need f o r  o ther s p e c if ic  ro u te s  of en try . The range of 
p e rm e a b ilitie s  shown by iso la te d  c u tic le s  i s  very wide, as shown by 
the work of D arlington  and G iru lis  ( I 963) who c ite d  p en e tra tio n  r a te s  
f o r  apple c u tic le  between about 2% f o r  sucrose and glucose and about 
60% fo r  c e r ta in  o(-chloroacetam ide d e r iv a tiv e s . More re ce n t work w ith 
iso la te d  orange le a f  c u t ic le s  showed th a t  perm eab ility  c o e f f ic ie n ts  of 
two h e rb ic id es , an in se c tic id e  and a fung ic ide  were between 0.32 and
1.5 th a t  of t r i t i a t e d  w ater (Davis, M ullins, S tolzenberg and Booth,
1979)> although these  au thors remarked on la rg e  v a r ia tio n s  in  th e i r  
da ta ; i t  seems th a t  a major problem w ith the use of such iso la te d
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c u tic le s  i s  the a c q u is itio n  of rep roducib le  samples of c u t ic le .
Several au thors have acknowledged the l im ita tio n s  of iso la te d  
c u tic le  s tu d ie s ; both the r a te  and amount of p en e tra tio n  are  l ik e ly  
to  d i f f e r  in  in ta c t  leaves due to  the presence of o th er b a r r ie r s ,  
p a r t ic u la r ly  the plasmalemma, which may decrease the concen tra tion  
g rad ien t across  the c u t ic le  by l im itin g  the  movement of absorbed sub­
s tances away from the p o in t of en try . Conversely any binding of sub­
s tances to  in te rn a l components or a c tiv e  removal from beneath the 
c u t ic le  could increase  the concen tra tion  g rad ien t and thereby in crease  
p en e tra tio n  r a te s .  F u rth e r doubts about iso la te d  c u tic le  s tu d ie s  a r is e  
due to  p o ssib le  e f f e c ts  of the is o la t io n  method on c u t ic le  perm eab ility  
and to  the somewhat a r t i f i c i a l  system of constan t volume re c e iv e r  and 
donor so lu tio n s  norm ally favoured.
Sargent and Blackman (1970, 1972) and Sargent (1976) describe  
s tu d ie s  on the p en e tra tio n  of 2,4-D and ch lo rid e  ions in to  le a f  d isc s  
or detached whole leav es  of Phaseolus v u lg a ris  and o th er sp ec ies , 
which suggest some a c tiv e  component of p e n e tra tio n . They found th a t  
p e n e tra tio n  was in creased  by l ig h t ,  has a high QIO and i s  decreased 
in  l ig h t  by the ad d itio n  of m etabolic in h ib i to r s .  The e f fe c t  of l i g h t  
was shown no t to  be d i r e c t ly  due to  the opening of stom atal a p e rtu re s , 
although the presence of stom ata d id  appear to  increase  p en e tra tio n ; 
i t  was concluded th a t  guard c e l l s  and su b sid ia ry  c e l l s ’ might be 
p re fe re n tia l  s i t e s  of e n try . Blackman and Sargent used non-drying 
constan t volume donor so lu tio n s , u sually  in  re se rv o irs  a ttached  to  
leaves or as agar b locks, which makes th e i r  r e s u l t s  d i f f i c u l t  to  com­
pare w ith those from a p p lic a tio n  of drops as in  normal spraying.
Fang ( 1958) s tu d ied  the  en try  of 2,4-D by applying drops to  
leaves on in ta c t  p la n ts  and found th a t  h a lf  or more of the app lied
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dose did not e n te r  the le a f  and 85-90% of th a t  which en tered  then 
remained in  the tre a te d  l e a f .  I t  has o ften  been observed th a t  when 
h erb ic id es  are app lied  in  th is  way most of th a t  which e n te rs  does not 
then move much fu r th e r ,  as judged by su rface  washings and assaying 
both the washings and the  tre a te d  area  or l e a f .  This has been shown 
f o r  MGPA and MGPB (Kirkwood e t  a l , 1972), paraquat (Bland and Brian, 
1975) a-nd difenzoquat (Sharma, Vanden Bom, F riesen  and McBeath, 1976). 
Glyphosate does not fo llow  th i s  p a tte rn  and s ig n if ic a n t  amounts are  
tra n s lo c a te d  to  reg ions of high m etabolic a c t iv i ty ,  although substan­
t i a l  amounts s t i l l  remain in  the tre a te d  le a f  (Sprankle, M eggitt and 
Penner, 1975)» The reason f o r  th i s  concen tra tion  of absorbed chemical 
a t  the t re a te d  s i t e  i s  no t y e t known. The p o s s ib i l i ty  th a t  poor 
p e n e tra tio n  of the plasmalemma i s  the cause seems u n lik e ly  because i t  
has been shown th a t  sev e ra l p e s tic id e s  which appear to  move ap o p las t-  
i c a l ly  do e n te r  the l iv in g  c e l l s  but a re  not tran sp o rted  in  the symplast 
simply because they d iffu se  out again  as re a d ily  as they e n te r  (Peterson  
and Edgington, 1976).
Many attem pts have a lso  been made to  f in d  sp e c if ic  pathways of 
en try , and the p o ssib le  ro le  of stom ata in  p a r t ic u la r  has been examined. 
I t  has been e s ta b lish ed  th a t  d iffe re n c es  in  p e n e tra tio n  r a te s  between 
le a f  su rfaces , both w ith in  and between sp ec ie s ,a  re c o rre la te d  w ith the 
presence and d en s ity  of stom ata (T u rre l, 1947; Sargent, 1965; Jung, 
Wittwer and Bukovac, I 965) '  Whether th i s  i s  due to  en try  through the 
stom atal ap e rtu re  or by g re a te r  perm eab ility  of the c u t ic le  on or near 
th e  guard c e l l s  i s  s t i l l  no t known. Although i t  has been shown th a t  
pure w ater (and presumably o ther l iq u id s  of high su rface  ten sio n ) 
cannot e n te r  stom atal ap e rtu re s  (Schonherr and Bukovac, 1972), th e re  
i s  convincing evidence th a t  l iq u id s  of reduced su rface  ten sio n  can do 
so (Dybing and G u rrie r, 1959 and I 96I ; Green and Bukovac, 1974;
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Schonherr and Bukovac, 1972). In  ad d itio n  Sands and Bachelard (1973) 
showed good c o rre la tio n  between stom atal ap ertu re  and uptake of 
picloram  in  E ucalyptus. Other workers, however, suggest th a t  w h ils t 
uptake may or may not be c o rre la te d  w ith stom atal frequency, i t  con­
tin u es  a t  the same r a te  when the stom atal ap e rtu re  i s  closed (Weaver 
and Be Rose, 1946; Green and Bukovac, 1977)* I t  i s  now g en era lly  
believed  th a t  w h ils t l im ite d  stom atal ap ertu re  p en e tra tio n  may occur, 
the increased  perm eab ility  of the guard c e l l s ,  and p o ssib ly  of sub­
s id ia ry  c e l l s  a lso , i s  of g re a te r  importance.
Guard c e l l  c u t ic le s  have been shown to  be major s i t e s  of 
adso rp tion  of ions (Yamada, Rasmussen, Bukovac and Wittwer, I 966) and 
reg ions of p re fe re n tia l  perm eab ility  to  t r i t i a t e d  w ater (Maercker,
1965) '  Also the  technique of Franke ( I 96I ) ,  which involves the t r e a t ­
ment of p la n t m ate ria l w ith G ilso n 's  reagen t (a h is to lo g ic a l  f ix a tiv e  
con ta in ing  mercuric s a l t s ) , shows s i t e s  in  the c u t ic le  which are  in t e r ­
p re ted  as i n t e r f i b r i l l a r  spaces in  the  epidermal c e l l  w alls , and 
termed 'e c to d esm ata '. Franke p o in ts  out th a t  these  fe a tu re s  are 
a sso c ia ted  w ith guard c e l l s ,  although they have not been e s ta b lish e d  
by any o th er method.
Besides stom ata, triehom es have been rep o rted  as major s i t e s  
of uptake of f lu o re sc e n t dyes (B u tte r fa s s , 1956; H all, Morton and 
W harrie, 1975) though in  n e ith e r  case i s  i t  c le a r  how much of the 
chemical th a t  e n te rs  th e  trichome can then move f u r th e r  in to  the  le a f .  
F in a lly , both the a n t ic l in a l  w alls of epidermal c e l l s  and reg ions of 
the epiderm is over v e in s, seem a lso  to  be p re fe re n t ia l  s i t e s  of 
p en e tra tio n  (Dybing and G u rrie r , I 96I ) ,  of ion binding (Yamada e t  a l ,
1966) and of ectodesm ata (Franke, I 967, 1969) .
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3. MATERIALS AND METHODS
3 .1 P lan t Culture
Two p lan t spec ies  were used; ra d ish  (Raphanus sa tiv u s  L .)  was 
chosen as a dicotyledonous species  showing a high degree o f  su scep t­
i b i l i t y  to  broad-spectrum  growth re g u la to r  h erb ic id es  such as MGPA.
In  th is  re sp ec t the ra d ish  resem bles the  weed sp ec ies  wild rad ish  
(Raphanus raphanistrum  L .)  but i s  much e a s ie r  to  grow. To avoid any 
problems of assessment due to  d i f f e r e n t ia l  growth of the shoot and 
sw ollen sto rage ro o t, a ra d ish  c .v . Long Black Spanish was chosen, 
which does not produce a la rg e  ro o t. The second species was w ild oat 
(Avena fa tu a  L .) ,  a monocotyledonous weed which i s  a widespread problem 
in  B r ita in , p a r t ic u la r ly  in  c e re a ls .
Both p lan t spec ies  were grown in  sandy loam to p so il  from 
Begbroke H ill Farm (Begbroke North f ie ld )  which was supplemented w ith 
V itax Q4, an NPK f e r t i l i z e r ,  a t  5 grams p er Kilogram of s o i l .  The 
p la n ts  were grown in  9 cm p le istic  pots and watered d a ily  from above, 
bu t avoiding w etting the fo lia g e  of p la n ts  which had been tre a te d  w ith 
h e rb ic id e . Wild o a ts , of which the percentage germ ination was low, 
were germinated before sowing to  ensure th a t  th e re  was one p lan t per 
po t; ra d ish  seeds were sown a t  2-3 seeds p er po t and th inned to  one 
p la n t a t  the cotyledon s tag e . During w in ter months (from mid-October 
to  ea r ly  A pril) a l l  p la n ts  were grown in  a glasshouse in  which day- 
len g th  was m aintained a t  a constan t 14 hours by use of sodium lig h tin g  
and tem perature was not allowed to  f a l l  below 8°G during daytime and 
4°G a t  n ig h t. Daytime maximum tem perature, however, v aried  consider­
ably  according to  s o la r  ra d ia tio n .
During summer months w ild oats were grown ou tside  so th a t  growth 
and surface  c h a ra c te r is t ic s  would be nearer to  those of fie ld -grow n p la n ts .
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To minimise damage from f r i t  f ly  (p sc in is  f r i t ). 0.15g of phorate 
in se c tic id e  granules was added to  each p o t. The granules were placed 
in  a la y e r  1 cm below seed le v e l using a d ispenser made f o r  th a t  pur­
pose, thereby  avoiding damage to  th e  p lan ts  which occurred when the 
granules were placed a t  seed le v e l .  A ll outdoor-grown w ild oats were 
kept in  the glasshouse a f t e r  herb ic ide  treatm ent to  avoid the  deposit 
being washed o ff  by r a in .  Radishes were grown in  the  glasshouse a l l  
year round because p la n ts  grown outdoors su ffe red  unacceptable le a f  
damage from phytophagous in se c ts ;  i t  proved im possible to  achieve 
co n tro l of the damaging in se c ts  w ith a l ig h t  ap p lic a tio n  of DDT. I t
was considered more im portan t, however, th a t  w ild oats should be grown
outside whenever p o ss ib le , as indoor p lan ts  developed e x tra  long le a f  
sheaths and showed delayed t i l l e r  production , fe a tu re s  which might 
well a f fe c t  response to  h e rb ic id es . F u ll reco rds of cond itions both 
in  glasshouses and ou tside  have been kept a t  W.R.O.
Before treatm ent p la n ts  were se le c te d  fo r  uniform ity  as judged
by the number of leaves and (where ap p ro p ria te ) t i l l e r s .  A sample of 
p la n ts  was weighed a f t e r  no ting  the  growth stage in  most experim ents, 
and a re p re se n ta tiv e  in d iv id u a l was recorded using a Xerographic copier. 
With w ild oat growth s tage  was recorded using the code described  by 
Tottman (1976). Thus a le a f  i s  defined  as such by the v i s i b i l i t y  of 
the next emerging l e a f .  Incom pletely expanded leaves were estim ated 
as f ra c t io n s  of the s iz e  of the youngest f u l ly  expanded le a f .
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3 .2  H erbicides and Form ulations
The in fluence of form of d ep o sit on performance was assessed  
f o r  fo u r h e rb ic id es . These were MGPA (4-chloro-2-m ethylphenoxyacetic 
a c id ) , and difenzoquat ( l,2 -d im e th y l-3»5“d.iphenyl-lH-pyrazolium c a tio n ) , 
paraquat (1 ,1*-dim ethyl- 4 ,4 ’-b ip y rid iliu m  ca tio n ) and glyphosate 
(N-(phosphonomethyl) g ly c in e ) . Difenzoquat was obtained as the tech ­
n ic a l  c ry s ta l l in e  methyl su lphate  s a l t  con ta in ing  66.4% w/w of ca tio n . 
The o th er th re e  h e rb ic id es  were obtained as aqueous concentrate  s o lu t­
ions w ithout s u rfa c ta n ts  and o ther a d d itiv e s  of commercial fo rm ulations, 
so th a t  these  could be added in  varying amounts in  experim ents. These 
concen tra tes  contained the equ ivalen t of 400 g l  ̂ of MGPA acid  as the 
potassium  s a l t ,  200g ,l   ̂ of paraquat ca tio n  as the d ich lo rid e  and the 
equ iva len t of 480g.l""^ of glyphosate ac id  as the  isopropylamine s a l t .
Gonee n tr â t ions of the h e rb ic id es  app lied  in  experiments are 
given in  Table 3*2.1, but not a l l  concen tra tions were used in  a l l  
experim ents. In  most cases the concen tra tion  needed to  apply the normal 
recommended r a te  a t  a volume ra te  of 201.ha  ̂ was used. Subsequent 
mention of concen tra tion  in  th i s  th e s is  w ill  always r e f e r  to  a c tiv e  
in g re d ie n t, th a t  i s  c a tio n  of d ifenzoquat and paraquat and ac id  equiv­
a le n t  of MGPA and g lyphosate. 'A g ra l' su rfa c ta n t (90% a lk y l phenol 
ethylene oxide condensate) was added to  the h erb ic id e  so lu tio n s  a t  
0.1% v /v  f o r  MGPA, paraquat and glyphosate and 0.5% v /v  f o r  d ifenzo­
quat in  a l l  experim ents except where su rfa c ta n t co n cen tra tion  was i t s e l f  
under in v e s tig a tio n .
Table 3*2.1 H erbicide co n cen tra tio n s used in  experiments 
( g . l   ̂ a c tiv e  in g re d ien t)
Volume r a te  ( l .h a "  ) to  apply recommended dose# 
H erbicide 5 10 20 40 80 16 0
MGPA 280 140 70 35 - -
difenzoquat 200 100 50 25 - -
paraquat 112 56 28 14 - -
glyphosate 289 144 72 36 18 9
* Since recommended doses o ften  vary w ith product, form ulation 
and use, the fo llow ing were taken as normal recommended doses;
MGPA -  1 .4  kg ae/ha
difenzoquat -  1.0  kg a i/h a
paraquat -  O.56 kg a i/h a
glyphosate -  1.44 kg a i /h a .
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3*3 A pplication  .of herb ic ide  and o ther
experim ental so lu tio n s
In  most cases s in g le  drops of experim ental so lu tio n s  were 
app lied  w ith a  device s p e c if ic a l ly  designed and b u i l t  f o r  th i s  purpose. 
Drops la rg e r  than 500 ^  diam eter (0.0625 /ü )  were app lied  using a 
m icrosyringe, e i th e r  of the m icrom eter-operated type (the  *Agla* 
m icrosyringe) or chromatography sy ringes such as the 'Hamilton*. In  
r e te n tio n  s tu d ie s  the p la n ts  were sprayed in  a lab o ra to ry  spray cab in e t.
3.3*1 The s in g le  drop a p p lic a to r
This device was based on an e a r l i e r  version  described  by 
M e rritt  and Drinkwater (1977). In  operation  a needle i s  p a r t ly  immers­
ed in  the sample l iq u id  before being ra p id ly  withdrawn. By th is  a c tio n  
l iq u id  adhering to  the  needle forms a ligam ent a t  the needle t i p  from 
which a s in g le  drop detaches. The drop tra v e ls  upward a sh o rt d is tan ce  
on a p arab o lic  t r a je c to ry  before f a l l in g ,  when i t  can be c o lle c ted  on a 
ta rg e t  a  few m illim etres  in  f ro n t  of the  needle. The movement of th e  
needle i s  derived from the tu rn in g  of a s n a il  cam which p resses down 
the  bar on which the needle i s  mounted, re le a s in g  i t  to  re tu rn  by sp rin g  
a c tio n  as  the heel of the cam i s  passed.
W hilst the basic  operating  p r in c ip le  was the same in  both 
machines, the new v ersio n  which was b u i l t  f o r  th i s  work incorporated  
sev era l m od ifica tions, which are  i l l u s t r a t e d  in  P la te  1. The design 
was a lte re d  by moving the  p o s itio n  of the cam to  a p o in t e f fe c t iv e ly  
tw ice the d istan ce  from the p iv o t than th a t  of the  needle ( in  the f i r s t  
v ersio n  the cam was between the needle and the p iv o t) . This change 
gave more p rec ise  co n tro l over drop s iz e . To accommodate th is  change 
th e re  had to  be a double•rig h t-a n g le d  s tep  in  the  bar so th a t  drops 
d id  not h i t  the  bar, and a lso  to  allow  m anipulation of p la n ts  below the 
needle. To keep the  cranking handle in  a convenient p o s itio n  the cam
P la te  3.1 The s in g le  drop A pp licato r.
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was tu rned  by means of a  rubber d riv e  b e l t .  The experim ental l iq u id
i s  held  in  one of th re e  in terchangeable  co n ta in e rs  of volumes 25 , 1 
3
and 0 .5  cm . The two sm aller s iz e s  a re  made from cut down gas 
chromatography v ia ls ,  and mounted on ro ta ta b le  blocks w ith  fo u r con­
ta in e r s  on each. Thus fo u r so lu tio n s  or drop s iz e s  can be c a lib ra te d  
a t  one tim e. The sample ho lders are  mounted on a th re e -d ire c t io n a l  
ad ju s tab le  s tag e . H orizontal movement in  two d ire c tio n s  makes i t  
p o ssib le  to  cen tre  the  v ia ls  under the  need le . V e rtic a l movement 
a l t e r s  th e  depth to  which the  needle d ip s  in to  the sample l iq u id ,  and 
hence the amount of l iq u id  adhering to  the needle on w ithdraw al, which 
determ ines the s iz e  of drop produced. As a  f u r th e r  m odifica tion  (not 
shown in  Pate l )  a  p ro tra c to r  sc a le  was mounted on the  cam face  and a 
mark made on the nylon cam -follow er. This enabled th e  opera to r to  
tu rn  the cam by hand u n t i l  the needle t i p  ju s t  touches the meniscus 
of the sample l iq u id ,  provid ing  a base s e t t in g  in  degrees of cam tu rn  
from the  h e e l, to  which the  l iq u id  le v e l can be r e s e t ,  thi:^ avoiding 
the need f o r  freq u en t r e - c a l ib r a t io n  of th e  drop s iz e .
C a lib ra tio n  of the  drop s iz e  was achieved as  described  by 
M e rr itt  and Drinkwater (197?)• Drops of aqueous so lu tio n s  of herb­
ic id e s  produced by the  s in g le  drop a p p lic a to r  were caught in  a c e l l  
con tain ing  s i l ic o n e  f lu id ,  s p e c if ic  g ra v ity  0.97 a-nd v is c o s i ty  10,000 
cs over which a  th in  f ilm  of p a ra ff in  had been p laced . The drops then 
s in k  very slow ly in  the s il ic o n e  f lu id  in  a sp h e ric a l form so th a t  they  
can be viewed using a microscope w ith a long-focusing  o b jec tiv e  and 
measured w ith a  micrometer eyepiece.
Data obtained show th a t  v a r ia b i l i ty  of d ep o s its  produced i s 
g re a te r  using the  s in g le  drop a p p lic a to r  than  w ith m icrosyringes, though 
s t i l l  accep tab ly  low; ty p ic a l  values f o r  th e  c o e f f ic ie n t  of v a r ia t io n
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of volume w ith d ep o sits  of e ig h t 300 pn drops being around 5-10% w h ils t 
those f o r  m icrosyringe a p p lic a tio n s  of f iv e  0,2 ^  drops were 2.5-5%* 
P a r tic u la r  p recau tions taken which helped reduce v a r ia b i l i ty  of 
a p p lic a tio n s  included freq u en t c lean ing  of the needle and topping up 
of the sample l iq u id  ho lder using a syringe so th a t  the  meniscus shape 
remained co n stan t.
3*3*2 The spray cab in e t
In  experim ents to  determine the re te n tio n  of spray  on p la n ts  
the  spraying  was performed in  a  la rg e  lab o ra to ry  cab in e t. This cab in e t 
has a t r o l l e y  p ropelled  by an e le c t r i c  motor v ia  a winch a t  uniform 
speeds up to  1.7 ms ^ . P lan ts  to  be sprayed are  placed in  a chamber 
below th e  t r o l le y  on a ta b le  which can be v aried  in  h e ig h t. The t r o l le y  
i s  designed to  ca rry  conventional hydrau lic  nozzles, operated by com­
pressed  a i r ,  or a c o n tro lle d  drop ap p lic a tio n  head comprising f iv e  
spinning d isc s  and employing a b a tte ry -d r iv e n  e le c t r ic  motor f o r  d isc  
d rive  and a low p ressu re  l iq u id  flow  system. The spinning d isc  head 
i s  capable of producing drop s iz e s  of 150-350 pm diam eter in  r e la t iv e ly  
uniform s iz e s .
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3 .4  Measurement of spray re te n tio n  on p la n ts
P lan ts  grown outdoors were sprayed in  the cab in e t described  in  
S ection  3.3*2. Only outdoor p la n ts  were used s ince  p re lim inary  work 
had shown th a t  r e te n tio n  by glasshouse-grown p la n ts  d if fe re d  from th a t  
of outdoor p la n ts  as d id  the general morphology of the  p la n ts .
H erbicides were om itted from the spray so lu tio n s  but s u r fa c t­
an t was included a t  the  recommended co n cen tra tions to  m aintain the 
su rface  ten sio n  a t  the normal le v e l ;  the  presence of herb ic ide  made 
l i t t l e  or no d iffe ren ce  to  the  l iq u id  physica l c h a ra c te r is t ic s  but 
caused problems w ith the assay  technique. F luo resce in  sodium s a l t  was 
included in  a l l  spray so lu tio n s  a t  1.0 g . l  as a t r a c e r  f o r  measure­
ment of both re te n tio n  of spray on p la n t su rfaces  and the ground spray 
volume r a t e . The l a t t e r  was measured by p lac in g  p e t r i  d ishes between 
the  p la n ts  and washing out the  c o lle c te d  spray w ith d i s t i l l e d  w ater, 
the  r e s u l ta n t  so lu tio n  being placed in  a Turner 110 f i l t e r  f lu o rim e te r  
and i t s  fluorescence compared to  a range of s tandards.
To measure re te n t io n  by p la n ts , the  p la n ts  were cu t a t  s o i l  
le v e l then d ivided in to  the  req u ired  se c tio n s . Each p la n t sec tio n  was 
placed in  a polythene bag and a so lu tio n  of 0.1 ml. 1  ̂ Agral added in  
s u f f ic ie n t  q u a n tity  to  ensure a thorough washing of th e  p la n t m ateria l 
to  remove the  re ta in e d  dye. The bag with sample and washing so lu tio n  
was shaken v igorously  f o r  30 seconds, then the p lan t washings poured 
o ff . A sample of 10 ml was removed and 0.5 ml of 0.1 M sodium hydroxide 
added; the  ad d itio n  of sodium hydroxide had p rev iously  been found 
necessary  to  co un teract a fluo rescence quenching e f fe c t  which occurs 
when f lu o re sc e n t dyes a re  p resen t in  p la n t washings. P relim inary s tu d ­
ie s  had shown the optim al amount of sodium hydroxide to  be added. The 
samples were then placed in  a Jobin  Yvon JY3 sp ec tro flu o rim e te r and
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fluo rescence measured a t  5^4 nm using an e x c ita t io n  wavelength of 
493 nm and a  s l i tw id th  of 4 nm. Standards made from the spray s o lu t­
ion using an Agla m icrosyringe were s im ila r ly  assayed and unsprayed 
p la n ts  were washed and assayed f o r  any background fluo rescence , which 
was normally found to  be zero w ith  t h i s  technique.
The p la n t m a te r ia l, a f t e r  washing, was placed in  'K ra f t ' paper 
bags and oven-dried a t  95°C f o r  48 hours f o r  dry weight determ ination .
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3*5 Measurement of the r a te  of evaporation  of drops
In  an attem pt to  measure the  r a te  of evaporation of spray drops 
an in d ic a to r  was sought. Placement of la rg e  drops on a d e lic a te  balance 
weighing to  0.1 mg was f e a s ib le ,  but of no use f o r  drops of the req u ired  
s iz e  of 100 to  500 pm. Measurement of the  evo lu tion  of w ater vapour 
was considered im p rac tica l a t  these drop s iz e s  w ith av a ila b le  equipment 
fo r  hum idity measurement and would anyway be very d i f f i c u l t  where drops 
were p laced  on p la n t su rfaces  which were them selves producing more w ater 
vapour by tra n s p ira t io n  than the evaporating drops.
Thus a chemical in d ic a to r  was sought, cobaltous ch lo rid e , a  w ell 
known in d ic a to r  of w ater, was found to  re q u ire  very high concen tra tions 
to  give v is ib le  co lour changes, and i t  was f e l t  th a t  such concen tra tions 
would g re a tly  a f f e c t  evaporation r a te  by the  c o ll ig a tiv e  e lev a tio n  of 
b o ilin g  p o in t.
F in a lly  sodium f lu o re sc e in  was t r i e d  and found very s u ita b le .  
Drops of a O.5 g . l" ^  so lu tio n  were e a s i ly  seen in  a darkened chamber, 
when illu m in a ted  w ith an u l t r a - v io le t  lamp, a t  the  req u ired  drop s iz e s  
and well below th e se . These drops, when placed on a non-absorbent s u r ­
face  such as g la ss  or on le a f  su rfaces , f lu o resced  as long as th e re  
remained water in  the  drop. However when sodium f lu o re sc e in  d r ie s  out 
on such a non-absorbent su rface  i t  c r y s ta l l iz e s ,  and when th is  occurs 
fluo rescence  ceases. This general fe a tu re  i s  r e l ia b le  unless drying 
tak es  p lace  on a su rface  on which f lu o re sc e in  ions adsorb or a re  o th e r­
wise p h y s ica lly  kept in  an amorphous s ta te ,  such as when drying occurs 
to  drops absorbed by f i l t e r  paper. Thus by th i s  technique the end p o in t 
of evaporation  was found to  be r e la t iv e ly  simply assessed . Drops of 
0.5  g . l  f lu o re sc e in  so lu tio n  were evaporated in  a darkened chamber 
con ta in ing  an u l t r a - v io le t  lamp and the time to  evaporation taken w ith
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a stopw atch. Humidity and a i r  tem perature in  the  chamber could be 
v aried  by conducting the  experim ents in  d if f e re n t  c o n tro lled  
environment rooms.
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3.6  Assessment of b io lo g ic a l e f fe c t
The h e rb ic id es  used in  t h i s  in v e s tig a tio n  are normally 
employed to  reduce the  growth of or k i l l  weed p la n ts .  A range of 
doses below th a t  which causes maximum red u c tio n  in  growth, or death , 
i s  g en e ra lly  used to  f a c i l i t a t e  comparisons between d if f e re n t  t r e a t ­
ments. The most w idely used method of a sse ss in g  the growth of p la n ts  
a f t e r  h erb ic id e  treatm ent i s  measurement of the f re sh  or dry weight 
(o r both) of the p la n t,  and f o r  reasons of ease and speed the shoot 
alone (o r  p la n t p a r ts  above s o i l  le v e l)  i s  o ften  taken f o r  th i s  pur­
pose. Thus in  experim ents described  in  S ection  4 .3 , the  e f fe c ts  of 
form of d eposit on h erb ic id e  performance were u su a lly  assessed  in  
terms of f re sh  or dry  weight of shoot determ ined some time a f t e r  t r e a t ­
ment. F resh  weights were assessed  by c u tt in g  the  shoot a t  s o i l  le v e l 
and immediately weighing on a top-pan balance accurate  to  1 mg, having 
watered the p lan ts  one or two hours before assessm ent to  ensure th a t  
they were f u l ly  tu rg id . For dry weight determ ination  the p la n t m ater­
i a l  was then placed in  'K ra f t ' paper bags and l e f t  in  an oven a t  95°G 
fo r  48 hours. The d rie d  m ate ria l was then weighed to  e i th e r  1.0 or 
0.1 mg according to  the general sample s iz e  in  the experim ent.
Since th e  experim ents v a r ie d  co n sid e ra b ly  in  n a tu re  no f ix e d  
in te r v a l  to  assessm ent was chosen. In s te a d  t h i s  was decided  accord ing  
to  th e  in d iv id u a l experim ent, and v a r ie d  depending on f a c to r s  such a s  
r a t e  of growth under th e  c o n d itio n s  p re v a i l in g  d u ring  th e  experim ent 
and acco rd ing  to  th e  s iz e  of p la n ts  a t  tre a tm e n t. G en era lly  such a 
d e c is io n  can be made s a t i s f a c t o r i l y  only when th e  response of a  p a r t ­
i c u la r  p la n t  to  a  h e rb ic id e  w ith  tim e i s  known, and p re lim in a ry  exper­
im ents were th e re fo re  conducted to  h e lp  w ith  t h i s  d e c is io n . In  p ra c t ic e  
assessm ent tim es were s im i la r  f o r  a  g iven  h e rb ic id e  and weed.
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3 ,7  Measurement of p en e tra tio n  and movement
14of G -labelled  difenzoquat
14Difenzoquat la b e lle d  w ith G a t  the 3 carbon p o s itio n  on the
pyrazolium r in g  was obtained. A so lu tio n  of 200 g . l  u n labelled
difenzoquat con ta in ing  0.5% Agral was prepared. To 0.5 ml of th i s
so lu tio n  was added 60 ^  of a stock  so lu tio n  of la b e lle d  d ifenzoquat.
The s tock  so lu tio n  contained 7*2 fig .p l  ̂ d ifenzoquat ( sp e c if ic  a c t iv i ty
13fjSi.nig so th a t  the  f in a l  so lu tio n  contained approxim ately 11.2 x 
-3 -110 pG i.p l . The o th er so lu tio n s  used were mad.e from th i s  so lu tio n  
by d i lu t in g  w ith the ap p ro p ria te  amount of Agral so lu tio n .
The la b e lle d  so lu tio n s  were app lied  e i th e r  by m icrosyringe or 
s in g le  drop a p p lic a to r . The t e s t  p la n ts  were then harvested  a f t e r  
various time in te rv a ls  and separa ted  in to  samples fo r  the  determ ination  
of the  le v e l  of r a d io a c t iv ity  in  the  various p lan t p a r ts .  Previous work 
has a lread y  shown th a t  no s ig n if ic a n t  a l te r a t io n  in  the  d ifenzoquat 
c a tio n  by metabolism or breakdown occurs over th e  time sca le  used in  
these  experim ents (Sharma e t  a l , 1976).
Samples prepared from the t e s t  p la n ts  were as fo llow s. F i r s t  
the t re a te d  le a f  or a rea  of le a f  was washed w ith 10 ml of 0.5% Agral 
so lu tio n  to  remove any d ifenzoquat remaining as a  surface  d ep o sit.
P lan ts  t re a te d  and immediately washed in  th is  way were used fo r  d e te r ­
m ination of the to ta l  a p p lic a tio n  r a te  and i t s  v a r ia b i l i ty .  A 1.0 ml
a liq u o t of the p la n t washings was then added to  10 ml of s c in t i l l a n t
-1  -1conta in ing  5»5 g . l  of PPG and 0.1 g . l  of POPOP in  2 ; 1 Toluene:
T rito n  x-100. R ad io ac tiv ity  was assayed in  a Packard T ri-ca rb  l iq u id  
s c in t i l l a t i o n  spectrom eter.
The p la n t was then cut in to  se c tio n s . Small p o rtio n s  of le a f  ' 
were so lu b iliz e d  in  "Soluene" and bleached w ith a  sa tu ra te d  so lu tio n  of
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benzoyl peroxide in  to luene before being assayed in  a c id if ie d  
s c in t i l l a n t  prepared by adding 1 p a r t  of O.5 M HGL to  9 p a r ts  of the  
T rito n  x-100 s c in t i l l a n t  c o c k ta il mentioned above. Larger p la n t p a r ts ,  
inc lud ing  ro o ts , were oxid ised  in  an oxygen t r a in  type o x id ise r (the 
ro o ts  having been washed to  remove s o i l  p a r t ic le s  and b lo tte d  d ry ).
The carbon dioxide produced during ox idation  was trapped in  "Reich" 
s c i n t i l l a n t , 1 l i t r e  of which contained 400 ml to lu e n e , 330 ml 
phenylethylam ine, 220 ml methanol, 7 g butyl-PDB and 50 ml w ater.
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3 .8  Fluorescence Microscopy
3 . 8.1  The s i t e  of uptake of f lu o re sce n t dyes
O bservations on the  s i t e  of uptake of f lu o re sc e n t dyes were 
made in  a manner based on e a r l i e r  s tu d ie s  by Dybing and G urrier
( 1959. 1961).
Test so lu tio n s  con ta in ing  one o r more of a range of f lu o r ­
escen t dyes were app lied  to  various p la n t su rfaces  e i th e r  as la rg e  
drops from a m icrosyringe (0 .2 -2 .0  yH)  or as r e la t iv e ly  small drops 
using the s in g le  drop a p p lic a to r , w ith drop diam eters of 100-400 pm 
(volumes of 0.000524 to  0.0335 p i ) . A fte r various times surface 
d ep o sits  were removed by washing the leaves w ith running w ater e i th e r  
from a tap  or from a wash b o t t le .  The leav es  were then immediately 
mounted on a microscope s l id e  using double-sided adhesive tape , ta k ­
ing care to  avoid handling the tre a te d  p o rtio n  of the  le a f .
The lo c a tio n  of f lu o re sc e n t dye rem aining in  the le a f  was 
s tu d ied  using a Zeiss u n iv ersa l microscope. This was f i t t e d  w ith a 
high p ressu re  400 W mercury vapour lamp and an epi-condenser ( i l l  ES) 
f o r  in c id en t fluorescence work. The condenser con tains f i l t e r  com­
b in a tio n s  fo r  work a t  sp e c if ic  narrow bands of e x c ita tio n  and f lu o r ­
escence wavelengths. O bjectives used included a v a riab le  x l .5 “5«0 
m agnifica tion  len s  and a xlO planachromat le n s .  Photographs were 
taken using a 35 mm Z eiss camera back and Kodak 'Ektachrome 200' 
co lour transparency f ilm  ra te d  a t  800 A.S.A. Exposure tim es were of 
the  order 30“120 seconds.
3 .8.2  Measurement of drop snreadin#
In  order to  help w ith in te rp re ta t io n  of experim ents on the 
e f fe c ts  of form of d eposit on herb ic id e  performance, drop spreading
—̂ 0—
was in v e s tig a te d . P revious workers have used measures of con tact 
angles of l iq u id  drops on le a f  su rfaces  to  give comparative values of 
spreading (See Section 2 .3*2). However the techniques used f o r  measur­
ing co n tac t angles g en e ra lly  n e c e s s ita te  the use of la rg e  drops which 
are  made to  r o l l  down in c lin ed  le a f  su rfaces . Since i t  i s  possib le  
th a t  the  degree of spread i s  in fluenced  by the  s iz e  of drop used a 
method was sought of measuring spread of drops in  s iz e s  re le v a n t to
sprays and the experim ents in  th i s  study. To do th is  a f lu o re sc e n t
—  1dye, Tinopal CBS, was included a t  a concen tra tion  of 3*0 g . l  in  t e s t  
so lu tio n s  con tain ing  0.1 or 0 , ^ %  Agral. This dye produced a d ep o sit 
which i s  s t i l l  f lu o re sc e n t a f t e r  drops have d rie d . Thus i t  was 
p o ssib le  to  photograph the d ried  drop d ep o sits  on le a f  su rfaces  using 
the fluo rescence miscroscope as  described  in  the  preceding sec tio n .
The drop d ep o sits  were photographed on I lf o rd  FP4 black and white film . 
Since the d ep o sits  were h igh ly  ir r e g u la r  in  shape, the a reas  of the 
drop s ta in s  had to  be measured. This was achieved by means of a 
Quantimet image an a ly se r, which recorded the a reas  of the drop images 
on the nega tiv es .
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3*9 A nalysis and p re se n ta tio n  of r e s u l ts
Experiments on b io lo g ic a l response to  varying form of d ep o sit, 
described  in  S ection  4 .3 , were a l l  of randomised block design. T rea t­
ments were arranged f a c to r ia l ly  w ith  normally only one or two main 
f a c to rs  in  ad d itio n  to  v a riab le  dose. This meant th a t  a n a ly s is  of 
variance of the  r e s u l t s  was a  s tra ig h tfo rw ard  process w ith  in te ra c tio n s  
between fa c to rs  kept to  a minimum. The r e s u l t s  of these  experiments 
have been p resen ted  in  the form of graphs or histogram s using d a ta  
converted to  a percentage of the  un trea ted  co n tro l, w ith comments on
the a n a ly s is  of variance in  the te x t  a t  the ap p ro p ria te  p lace.
14Experiments in  S ection  4 .4  on C tra c in g  of difenzoquat a re  s im ila r ly  
analysed and p resen ted  except th a t  the r e s u l t s  were f i r s t  converted to  
a percentage of the  to ta l  counts p e r minute of r a d io a c t iv ity  ap p lied , 
then sub jec ted  to  a standard  angu lar transfo rm ation  fo r  a n a ly s is  of 
v arian ce . D iffe ren t sec tio n s  of the p la n ts  (such as tre a te d  le a f  and 
r e s t  of shoot) were analysed se p a ra te ly  since  values o ften  d if fe re d  
widely. In  a l l  graphs and histogram s bar l in e s  rep re sen t the standard  
e r ro r .
R esu lts  in  o th e r  s e c tio n s  were u s u a lly  an a ly sed  by c a lc u la t in g  
s tan d a rd  e r ro r s  and employing t - t e s t s  f o r  com parisons between means.
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4. RESULTS AND DISCUSSION
4.1  Experiments on spray re te n tio n
A change in  the method of herb icide a p p lic a tio n  i s  l ik e ly  to  
b rin g  about changes in  the amount of spray l iq u id  re ta in e d  by the 
ta r g e t  p la n ts , and a lso  in  the  d is t r ib u t io n  of th a t  spray l iq u id  
around the various su rfaces  of the p la n ts  (See S ection  2 .3 .2 ) .  A know­
ledge of such changes may be necessary  to  in te rp re t  experiments on the 
e f f e c t  of p o s itio n  of d ep o sit on herb ic ide  performance. For example, 
i f  a c e r ta in  p o s itio n  on a p la n t i s  more e f fe c tiv e  as a s i t e  of t r e a t ­
ment t h i s  may only be of importance i f  th a t  s i t e  rep re sen ts  a s ig n ­
i f i c a n t  ta rg e t  fo r  the re te n tio n  of spray drops.
The experim ents described  in  th i s  sec tio n  were designed to  
in v e s tig a te  the d is t r ib u t io n  of re ta in e d  spray on the  su rfaces  of wild 
o a t, ra d ish  and b arley .
4 .1 .1  P o s itio n a l r e te n t io n  on wild oats
Three experim ents were conducted, the f i r s t  two using th re e -  
le a f  w ild oat p la n ts , and the  th ird  p la n ts  w ith fo u r leaves and fo u r 
t i l l e r s .
The f i r s t  two experim ents d if fe re d  only in  a s l ig h t  v a r ia tio n  
in  p la n t s iz e , mean dry w eights of fo lia g e  being 19.6 and 28.1 mg per 
p la n t re sp e c tiv e ly . In  both these experim ents two batches of p la n ts  
were sprayed in  the lab o ra to ry  spray cab in e t. One batch was sprayed 
using the  GDA u n it ,  w ith a mean drop s iz e  of 250 pm diam eter and a 
measured volume r a te  of 22.5 and 22.1 1 .ha fo r  experim ents 1 and 2 
re sp e c tiv e ly . A second batch  of p la n ts  in  each experiment was spray­
ed w ith  conventional f l a t  fan  hydrau lic  nozzles ( 'T ee je t*  8004) a t
2 .1  bars p ressu re  g iv ing  volume r a te s  of 193 and 234 1 ha“  ̂ in
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experim ents 1 and 2 re sp e c tiv e ly . The spray so lu tio n  was 0.5^ v/v 
VAgral', the concen tra tion  recommended fo r  the  ap p lic a tio n  of 
d ifenzoquat, w ith  1.0 g l f lu o re sc e in  (sodium s a l t )  added fo r  r e te n ­
t io n  measurement.
_4
The su rface  ten sio n  of t h i s  so lu tio n  was 32.5 mNm” . In  both 
experim ents the p la n ts  were d iv ided  in to  fo u r sec tio n s  fo r  determ in­
a tio n  of the p o s itio n  of re ta in e d  spray . These were le a f  1, le a f  2, 
le a f  3 and the r e s t  of the p la n t,  th i s  l a t t e r  s e c tio n  comprising the  
le a f  sheaths of leaves 1 and 2 p lus the f i r s t  emerging t i l l e r ,  which 
never exceeded 1.0 cm in  len g th . Leaves 1 and 2 were cu t a t  the  l ig u le  
and le a f  3, which was not com pletely unfurled , was cu t a t  the l ig u le  of 
le a f  2.
The r e s u l t s  a re  p resen ted  in  Tables 4 .1 .1 -4 .1 .4 . In  both 
experim ents the g re a te s t  p roportion  of spray re ta in e d  w ith the GDA 
trea tm en t was on the second le a f  (53 and 45% of the to ta l  in  ex p e ri­
ments 1 and 2 r e s p e c t iv e ly ) . Leaf 3 was r e la t iv e ly  la rg e r  compared to  
le a f  2 in  the second experim ent, in  which s l ig h t ly  la rg e r  p la n ts  were 
used, and consequently i t s  p roportion  of the re ta in e d  spray increased  
s l ig h t ly .  With the conventional a p p lic a tio n  le a f  3 re ta in e d  a g re a te r  
p roportion  than  w ith the GDA a p p lic a tio n , and in  experiment 2 th is  
l e a f  re ta in e d  more than le a f  2. Since le a f  3 i s  more uprigh t than 
leaves 1 and 2 i t  i s  l ik e ly  to  be le s s  e f fe c tiv e  as a ta rg e t  to  v e r t ­
i c a l ly  f a l l in g  drops such as those from co n tro lled  drop a p p lic a tio n .
In  c o n tra s t the hydrau lic  nozzle spray has a considerable p roportion  
of i t s  drops moving in  n o n -v e rtic a l t r a je c to r ie s ,  both  because of the 
angu lar nature of the spray fa n  and because a i r  movement accompanying 
spray form ation i s  l ik e ly  to  im part tu rbulence in to  the t r a je c to r ie s  
of the  sm aller drops. Furtherm ore, the sm aller drops may be more
Table 4 .1 .1  The d is t r ib u t io n  of spray re ta in e d  on w ild oats 
(growth stage  : 13) sprayed w ith 0.5% 'A g ra l' a t
a) 22.5 l .h a   ̂ using 250 diam eter drops (GDA) or
b) 193 l .h a   ̂ w ith conventional hydrau lic  nozzles
(CON.)
mg = Dry w eight in  mg.
} jlL  = Volume of sp ray  re ta in e d .
SE = S tandard  e r r o r  o f u l re ta in e d .
% = % o f  t o t a l  p la n t  r e te n t io n  on each s e c t io n .
a) GDA
P la n t S ec tio n mg SE %
l e a f  1 4.22 0.184 0.0161 26
l e a f  2 7.11 0.373 0.0306 53
l e a f  3 4.61 0.113 0.0154 16
R est of p la n t 3.28 0.035 0.0075 5
T o ta l 19.22 0.705 - 100
b) GON
P la n t S ec tio n mg Id SE %
l e a f  1 4.54 0.959 0.0637 23
l e a f  2 7.56 1.860 0.179 45
l e a f  3 5.05 O.8O3 0.0869 19
R est o f p la n t 2.74 0.529 0.0493 13
T otal 19.89 4.151 - 100
Table 4.1.2 The distribution of spray retained on wild oats
(growth s tage  ; 13) sprayed w ith 0.5% 'Agral* 
a t  22.5 l .h a   ̂ using 250 p i  diam eter drops (GDA) or 
234 l .h a   ̂ w ith  conventional hydrau lic  nozzles (GON.)
a) GDA
P lan t sec tio n mg SE % of to t a l
le a f  1 6.10 0.21 0.019 26
le a f  2 8.34 0.36 0.030 45
l e a f  3 7.82 0.16 0.017 20
Rest of p lan t 6.38 0.07 0.014 9
Total 28.64 0.80 - 100.00
b) GON.
P lan t sec tio n mg SE % of to ta l
le a f  1 6.15 0.96 0.083 17
l e a f  2 8.54 1.34 0.138 24
le a f  3 7.15 2.07 0.172 37
Rest of p lan t 5.62 1.17 0.094 21
Total 27.46 5.54 - 100.00
Table 4 ,1 .3  C alcu lated  f j g  a . i .  re ta in e d  assuming an app lied  dose 
of 1 kg ( a . i ) .  ha  ̂ on w ild oa ts  (growth s tage  : 13) 
sprayed w ith  0.5% 'A g ra l' a t  22.5 l .h a   ̂ using 250 pn 
diam eter drops (GDA) or 193 l .h a   ̂ w ith conventional 
hydrau lic  nozzles (GON.)
Treatm ent l e a f  1 l e a f  2 l e a f  3 R est T o ta l


































































Table 4.1.4 C alcu lated  pg a . i .  re ta in e d  assuming an app lied  dose 
of 1 kg ( a . i . )  ha  ̂ on w ild oats (growth s tage  : I3 )
using 250 pnsprayed w ith  0,5% 'Agral* a t  22.5 l .h a   ̂
drops (GDA) or 234 l .h a   ̂ w ith  conventional hydraulic 
nozzles (GON.)
Treatment le a f  1 le a f  2 le a f  3 Rest T otal



































































re a d ily  re ta in e d  on the young v e r t ic a l  le a f  than la rg e r  drops, as i s  
suggested hy observations of p la n ts  sprayed w ith hydrau lic  nozzles 
using f lu o re sce n t dyes in  the  spray  and s tu d ied  under u l t r a - v io le t  
l i g h t .  Even g re a te r  d iffe re n c e s  between the two spray methods occurr­
ed on the fo u rth  p la n t se c tio n  comprising the le a f  sheaths. Here the 
conventional spray produced 2% tim es the  re te n tio n  of th a t  from the 
GDA spray . This may be im portant to  the  a c t iv i ty  of a herb ic ide  l ik e
d ifenzoquat (Gaseleyand Goupland, I 98O).
For ease of comparison between the two spray methods, f ig u re s  
of dose of a c tiv e  in g red ie n t which would be re ta in e d  assuming a dose 
of 1.0 Kg a . i .  ha  ̂ were ca lc u la te d  (Tables 4 .1 .3  and 4 .1 .4 ) . Three 
sep ara te  values were ca lc u la te d  f o r  each treatm en t and p la n t se c tio n . 
F i r s t l y  the expected amount of herb ic ide  in  ug per sec tio n  WcLS c a l ­
cu la ted , secondly a f ig u re  f o r  ug re ta in e d  divided by the dry weight 
of the sec tio n  ( la b e lle d  pg/m g(s)) and th i rd ly  the amount in  ug r e ta in ­
ed d iv ided  by the  t o t a l  dry weight f o r  the whole p la n t ( la b e lle d  }Jg/mg 
( t ) ) .  The ;og/mg(s) produces a f ig u re  showing the  e ff ic ie n c y  of a given 
se c tio n  as a re ta in in g  su rface  r e la t iv e  to  i t s  own s iz e , w h ils t the 
^ /m g ( t )  shows the  re te n t io n  e f f ic ie n c y  r e la t iv e  to  the whole p la n t 
s iz e ,  and th e re fo re  probably more c lo se ly  re la te d  to  the b io lo g ica l
importance of the re ta in e d  spray , assuming the herb ic ide  to x ic i ty  i s
r e la te d  to  amount of p la n t t i s s u e .
G alcu lation  of the amount of h erb ic id e  re ta in e d  fo r  a standard  
dose perm its more meaningful comparison between the d if f e re n t  spray­
ing  methods and volume r a te s .  For example, although the w ild oats 
re ta in e d  more spray l iq u id  by conventional treatm ent than GDA (Tables
4 .1 .1  and 4 .1 .2 ) , they  a c tu a l ly  r e ta in  more herb ic ide  by GDA (Tables
4 . 1.3 and 4 .1 .4 ) .  Gomparing th e  values f o r  )jg/m g(t), GDA sprayed p la n ts
-45-
re ta in e d  about twice as much herb ic ide  as conven tionally  sprayed p lan ts  
in  experiment 1 (Table 4 .1 .3 )  and l|-  tim es as much in  experiment 2 
(Table 4 .1 .4 ) .  Even so, th e re  i s  more herb ic ide  re ta in e d  on the le a f  
sheath  se c tio n  of the p la n ts  w ith the conventional a p p lic a tio n  in  both 
experim ents, and in  experiment 2 more herb ic ide  a lso  on le a f  3 w ith the 
conventional a p p lic a tio n . N evertheless f o r  th i s  to  be of major im port­
ance f o r  to x ic i ty  these  p o s itio n s  would have to  be considerab ly  more 
e f fe c tiv e  as s i t e s  of trea tm en t to  coun teract the much la rg e r  propor­
tio n s  of spray re ta in e d  by leav es  1 and 2 w ith both spray  methods.
The th ird  experiment w ith w ild oats was conducted w ith la rg e r  
p la n ts , having fo u r  leaves on the main shoot w ith the  f i f t h  l e a f  ju s t  
emerging, and fo u r t i l l e r s  of which two were basal t i l l e r s  (emerging 
from below s o i l  le v e l)  and two were a x ia l t i l l e r s  (emerging from the 
a x i ls  of leaves one and two). Leaf th ree  was the youngest f u l ly  
expanded le a f  ( ie  w ith the l ig u le  exposed) and the mean dry  weight of 
the p lan ts  was 0.107 grams.
The p la n ts  were sprayed w ith a drop s iz e  of 300 ;jm using the 
GDA sprayhead and the volume ra te  was recorded as 17 1 ha The 
p la n ts  were div ided  in to  seven sec tio n s  f o r  re te n tio n  determ ination  
and these various se c tio n s  were combined to  obtain  a t o t a l  dry weight 
f o r  each p la n t.
The r e s u l t s  of th i s  experiment a re  given in  Table 4.1 .5» The 
la r g e s t  p roportions of spray were re ta in e d  by the youngest f u l ly  
expanded le a f  ( le a f  3) and the se c tio n  comprising l e a f  4 p lus l e a f  5 
(where p re se n t) . These two leaves were c lo se ly  follow ed, in  q u an tity  
re ta in e d , by the f i r s t  a x ia l t i l l e r  which was q u ite  la rg e  w ith these  
p la n ts . Leaves 1 and 2 had much sm alle r p roportions on them, although 
the  ca lcu la ted  weights of a c tiv e  in g re d ie n t which would be re ta in e d  are
Table 4 .1 .5  The d is t r ib u t io n  of re ta in e d  spray on wild oats
(growth stage ; 14, 24; Mean dry  weight = 0.107g) 
sprayed w ith  0,5% v /v  'A g ra l' a t  17 l .h a   ̂ using 
300 pm  d iam eter drops
P lan t sec tio n SE pg** % of to ta l C alculated  No. of drops pg/m g(t)
le a f  1 0.20 0.014 11.8 6 .7 14 0.114
le a f  2 0.34 0.020 19.8 11.3 24 0.189
le a f  3 0.66 0.036 38.6 22.1 47 0.366
leav es  4 & 5* 0.64 0.046 37.5 21.4 46 0.341
Basal t i l l e r s 0.43 0.041 25.2 14.4 31 0.231
1st a x ia l 
t i l l e r
0.57 0.041 33.8 19.3 41 0.303
l e a f  sheaths + 
2nd a x ia l 
t i l l e r
0.14 0.013 8 .4 4 .8 10 0.076
Total 2.98 - 175.1 100 213 1.620
* Leaves 4 and 5 were not com pletely expanded and th e re fo re  were cu t a t
the  p o in t of emergence from the sheath  of le a f  3*
C alculated  p g  a . i .  re ta in e d  assuming 1 kg.ha - 1
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g re a te r  than w ith the same leaves on the younger p la n ts  (See F igures 
4 .1 ,3  a-nd 4 .1 .4 ) ,  suggesting  th a t  some growth has occurred even a f t e r  
complete emergence of the leav es , or p o ssib ly  th a t  th e re  a re  changes 
e i th e r  in  su rface  q u a lity  or le a f  angle a f t e r  emergence. The amount 
of spray re ta in e d  by the le a f  sheaths and th e  second a x ia l t i l l e r  was 
sm all, both in  p roportion  of the t o t a l  p la n t re te n tio n  and in  r e la t io n  
to  the p la n t dry  weight, suggesting  th a t  the  co n tr ib u tio n  of spray 
re ta in e d  on these  p a r ts  to  the o v era ll to x ic  response would be sm all, 
un less they proved to  be considerab ly  more ac tiv e  as s i t e s  of a p p lic a t­
ion than o th e r p la n t p a r ts .
4 .1 .2  P o s itio n a l re te n tio n  on ra d ish
Radishes w ith two expanded f o l i a r  leaves were sprayed w ith 
0.1% v /v  Agral so lu tio n  con ta in ing  1.0 g l""^ f lu o re sc e in , using e i th e r  
the GDA spray head o r conventional hydrau lic  nozzles. The GDA t r e a t ­
ment gave a volume ra te  of 25.5  1 ha"^ using 250 pm  diam eter drops and 
the  conventional trea tm en t gave 212 1 ha  ̂ using 'T e e je t ' 8004 nozzles 
a t  2 .1  bars p ressu re . The ra d ish  p la n ts  were d ivided in to  th ree  s e c t­
ions fo r  determ ination  of r e te n tio n , namely the cotyledons, the f i r s t  
p a ir  of f o l i a r  leaves and the  r e s t  of the p la n t. The cotyledons and 
f o l i a r  leav es  were cu t so as to  include the p e tio le s , and the  r e s t  of 
p la n t s e c tio n  comprised the  stem and term inal bud, the l a t t e r  u su a lly  
includ ing  one p a r t i a l ly  emerged f o l i a r  l e a f .
The r e s u l ts  are  p resen ted  in  two ta b le s ;  Table 4 .1 .6  shows 
the mean dry w eight, a c tu a l volume in  u l of spray re ta in e d  and the 
p roportion  of the t o t a l  r e te n tio n  on eacJh se c tio n , and Table 4 .1 ,?  
shows th e  weight of a c tiv e  in g re d ie n t th a t  would be re ta in e d  assuming 
a h erb ic id e  dose r a te  of 1.0 Kg.ha The g re a te s t  p roportion  of spray 
was re ta in e d  by the f o l i a r  leav es  (?1 and 59% f o r  the GDA and conven-
Table 4 .1 .6  The d is t r ib u t io n  of spray re ta in e d  on rad ish es  
(2 f o l i a r  leav es) sprayed w ith  0.1% 'Agral* a t
a) 22.5  l .h a   ̂ using 250 fun drops (GDA) and
b) 212 l .h a  w ith conventional hydrau lic  nozzles
(GON)
a) GDA
P lan t sec tio n mg SE %
Gotyledons 20.5 1.95 0.13 21
F o lia r  leaves 77.9 6 .54 0.34 71
Rest 19.1 0.74 0.06 8
T otal 117.5 9.23 - 100
b) GON
P lan t sec tio n mg p i SE %
Gotyledons 21.6 16.0 1.00 22
F o lia r  leaves 79.1 42.5 2.32 59
Rest 15.8 13.4 1.29 19
Total 116.5 71.9 - 100
Table 4 ,1 ,7  C alculated  p g  a . i ,  re ta in e d  assuming an app lied  dose 
of lk g ( a , i . )  ha  ̂ on ra d ish  (2 f o l i a r  leav es) sprayed 
w ith  0,1% 'Agral* a t  22.5 l .h a   ̂ using 250 p m  drops (GDA) 
and 212 l .h a   ̂ w ith conventional hydrau lic  nozzles (GON.)
Treatment Gotyledons F o lia r  leaves Rest Total
GDA jug/ se c tio n 76.5 256.5 29.0 362.0
SE 5.1 13.3 2 .4 -
GON jiig/section 75.5 200.5 63.2 339.2
SE 4 .7 10.9 6.1
GDA jug/mg(s) 3.92 3.37 1.57 8.86
SE 0.31 0.17 0.10 -
GON jug/mg(s) 3.58 2.55 5.09 11.22
SE 0.19 0.11 0.54 —
GDA pg/m g(t) 0.67 2.24 0.25 3.16
SE 0.056 0.11 0.019 -
GON jug/mg(t) 0.65 1.72 0.54 2.91
SE 0.041 0.094 0.052
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t io n a l  trea tm en ts  re sp e c tiv e ly ) .  The cotyledons re ta in e d  a s im ila r  
p ro p o rtio n  w ith both trea tm en ts  but the r e s t  of the p la n t re ta in e d  
tw ice as much spray w ith the  conventional treatm ent as w ith the  GDA 
trea tm en t ( I 9 and 8% re sp e c tiv e ly ) .  From the  ca lcu la ted  weight of 
h erb ic id e  re ta in e d  (Table 4 .1 .7 )  a s im ila r  p ic tu re  emerged w ith much 
more re te n tio n  on the  stem and term inal bud by conventional spraying , 
w h ils t a g re a te r  amount of herb ic id e  would be re ta in e d  on the f o l i a r  
leav es  w ith GDA. The g re a te s t  co n trib u tio n  to  the  ta rg e t  area  of the 
r e s t  of p la n t sec tio n  probably came from the young emerging f o l i a r  
leav es , which appear g en e ra lly  h a iry  because the  trichom es are  very 
c lose  to g e th e r u n t i l  the leav es  have expanded s ig n if ic a n tly ,  and i t  i s  
q u ite  p o ssib le  th a t  the  sm all drop f ra c t io n  of the  hydrau lic  spray  i s  
p r e fe r e n t ia l ly  re ta in e d  by these  trichom es. In  ad d itio n  the  v e r t ic a l  
stem may p resen t a b e t te r  ta rg e t  to  the conventional spray than GDA 
due to  the n o n -v e rtic a l t r a je c to ry  of some drops in  the  conventional 
spray, as was suggested in  the case of the young v e r t ic a l  leaves of 
w ild o a t. The f ig u re s  f o r  jug/mg(s) f ig u re s  show th a t  the r e s t  of p la n t 
se c tio n  i s  the most e f f ic ie n t  of the th ree  sec tio n s  as a ta rg e t  f o r  
the  conventional spray bu t the l e a s t  e f fe c tiv e  ta rg e t  f o r  GDA.
4 . 1.3 P o s itio n a l r e te n tio n  on b arley
Barley was included in  two experim ents as  an example of a crop 
spec ies  to  in d ic a te  the  e f f e c ts  of re te n tio n  d iffe re n c e s  on s e le c t ­
iv i ty  between crop and weed. The b arley  p la n ts , which were from one 
batch  having 3t leav es  on the main shoot and one t i l l e r  emerging from 
the a x il  of le a f  1, were sprayed in  two experim ents in  conjunction 
w ith the  experiments on w ild oa t (experim ent l )  and ra d ish , these 
being on consecutive days. Thus the two experiments d if fe re d  only in  
Agral concen tra tion , th i s  being 0.5% in  the f i r s t  and 0.1% in  the 
second. In  each case the b a rley  p la n ts  were divided in to  fo u r sec tio n s
-48-
f o r  re te n tio n  measurement, namely le a f  1, l e a f  2, l e a f  3 and the 
r e s t  of the p la n t, the l a t t e r  comprising the le a f  sheaths and the 
f i r s t  a x ia l t i l l e r .  The r e s u l t s  are p resen ted  in  th e  same way as 
were those f o r  w ild oat and ra d ish , in  Tables 4 .1 .8  -  4 .1 .1 1 .
The p ro p o rtio n a l d is t r ib u t io n  of spray  around the b arley  
p la n ts  was very  s im ila r  between the two experim ents showing th a t  
changing the  Agral concen tra tion  from 0.1% to  0.5% d id  not a l t e r  the 
p o s itio n  of re ta in e d  spray s ig n if ic a n t ly .  This was tru e  fo r  both GDA 
and conventional trea tm en ts . As with w ild oat the  conventional t r e a t ­
ment gave g re a te r  r e te n tio n  on the v e r t ic a l  p la n t p a r ts  inc lud ing  the 
le a f  shea ths, bu t again  th i s  rep resen ted  a r e la t iv e ly  small p ro p o rt­
ion of the  to ta l  p la n t re te n t io n . On the  whole the  r e s u l t s  of these  
experim ents show a s im ila r  p a tte rn  to  those with w ild  oa t, w ith the 
g re a te r  p roportion  of re ta in e d  spray on the younger leav es .
The to ta l  amount of spray re ta in e d  was s l ig h t ly  h igher with 
0.5% than 0.1% Agral w ith both spray system s, a r e s u l t  which agrees 
w ith o ther d a ta  (Glipsham, unpublished). An im portant c o n tra s t between 
the  r e s u l t s  f o r  0.1 and 0.5% Agral was in  th e  r e la t iv e  d iffe ren ce  in  
t o t a l  re te n tio n  between GDA and conventional spray ing . Gomparing 
the jug/mg(t) f o r  the two experim ents the d iffe re n ce  in  to ta l  r e te n ­
t io n  between GDA and conventional spraying was g re a te r  w ith 0.1% 
than  0.5% Agral. This may be of p ra c t ic a l  s ig n if ic a n c e  since such an 
in creased  re te n tio n  by the h igher s u rfa c ta n t con cen tra tio n  in  combin­
a tio n  w ith a low volume r a te  would reduce s e le c t iv i ty  between b arley  
and a weed species  w ith  c h a ra c te r is t ic s  s im ila r  to  those of ra d ish .
In  p ra c tic e  the ap p lic a tio n  of low volume sprays, even by conventional 
equipment, would r e s u l t  in  an increased  s u rfa c ta n t concen tra tion  i f  a 
commercially form ulated m a te ria l were used con ta in ing  a su rfa c ta n t
Table 4 .1 .8  The d is t r ib u t io n  of spray re ta in e d  on b arley  (growth 
stage  ; 13.21) sprayed w ith 0.5% 'Agral* a t
a) 22.5 l .h a   ̂ using 250 pm  drops (GDA) and
b) 193 l .h a   ̂ w ith conventional hydrau lic  nozzles
(GON.)
a) GDA
P lan t S ection mg SE %
le a f  1 8.1 0.32 0.018 25
le a f  2 11.8 0.38 0.020 29
le a f  3 19.0 0.48 0.052 36
Rest 7.3 0.13 0.017 10
T otal 46.2 1.3 - 100
b) GON
P lan t s e c tio n mg SE %
l e a f  1 10.0 2.33 0.133 22
le a f  2 14.3 2.92 0.225 28
le a f  3 22.4 3.50 0.272 33
Rest 9.2 1.87 0.170 17
Total 55.9 10.62 - 100
Table 4 .1 .9  C alcu lated  p g  a . i .  re ta in e d  assuming an app lied  dose 
of 1 Kg ( a . i . )  ha on b a rley  (growth stage  : 13.21) 
sprayed w ith  0.5% 'A g ra l' a t  22.5 l .h a   ̂ using 250 jum 
drops (GDA) and 193 l .h a   ̂ w ith conventional hydrau lic  
nozzles (GON.)
Treatment le a f  1 le a f  2 le a f  3 r e s t Total


































































Table 4.1.10 The d is t r ib u t io n  of spray re ta in e d  on b arley  
(growth s tag e  : 13.21) sprayed w ith 0.1% 'A g ra l' a t
a) 22.5 l .h a   ̂ using 250 pn drops (GDA) and
b) 212 l .h a   ̂ w ith conventional hydrau lic  nozzles
(GON.)
a) GDA
P lan t sec tio n mg SE %
l e a f  1 8 .7 0.31 0.02 27
le a f  2 12.4 0.33 0.02 29
le a f  3 17.4 0.37 0.03 33
Rest 6 .4 0.13 0.02 11
T otal 44.9 1.14 - 100
b) GON
P lan t sec tio n mg SE %
le a f  1 8 .9 1.74 0.12 24
le a f  2 13.3 1.81 0.14 25
le a f  3 19.3 2.17 0.15 30
Rest 6 .3 1.45 0.18 20
T otal 47.8 7.17 - 99
Table 4.1.11 C alculated  pg as re ta in e d  assuming an app lied  dose 
“1of 1 Kg ( a . i . )  ha on b arley  (growth stage  : 13.21)
_i
using 250 pmsprayed w ith  0.1% 'A g ra l' a t  22.5 l .h a  
drops (GDA) and 212 l .h a   ̂
nozzles (GON.)
w ith conventional hydrau lic
Treatment le a f  1 le a f  2 le a f  3 Rest Total



































































con cen tra tio n  intended f o r  g re a te r  d i lu t io n  a t  h igher volume r a te s .
The problem of s e le c tio n  of the  su rfa c ta n t con cen tra tio n  fo r  herb ic id e  
fo rm ulations may f o r  th is  reason be g re a te r  when a  wide range of 
volume r a te s  are  recommended.
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4.2 The spreading and evaporation of drops
The ex ten t to  which spray  drops spread and the  r a te  a t  which 
they subsequently  evaporate a re  two fa c to rs  which could co n trib u te  to  
the b io lo g ic a l performance of a given form of herb ic ide  spray d ep o s it. 
Therefore measurements of these  two q u a n ti t ie s  were taken in  order to  
help in  the in te rp re ta t io n  of the  subsequent b io lo g ica l experim ents.
4 .2 .1  Drop spreading
The e f fe c ts  of drop s iz e  and Agral concen tra tion  on drop 
spreading were s tu d ied  by the  method described  in  S ection  3 .8 .2 . Agral 
concen tra tions of 0,1 and 0.5% were used and drop s iz e s  between 119 
and 370 pm diam eter were ap p lied  to  various leaves of 4 - le a f  w ild oat 
p la n ts .  The in fluence  of a c tiv e  in g re d ie n t on the spreading of drops 
was not s tu d ied  because i t  was considered u n lik e ly  to  be of major 
importance s ince d iffe re n c e s  in  surface ten sio n  due to  the  ad d itio n  of 
h e rb ic id es  in  the  concen tra tio n s  used in  the b io lo g ica l experiments 
were found to  be n e g lig ib le  (See Table 4 .2 .1 ) ,  excep t w ith  M C P A .
Drop d ep o sits  on the l e a f  su rfaces  were found to  be h igh ly  
i r r e g u la r  in  shape, probably because they were a ffe c te d  by lo c a l v a r ia ­
t io n s  in  microtopography and w e tta b i l i ty  a t  the microscopic le v e l .  For 
example, l iq u id  tended to  spread more re a d ily  along the grooves between 
epiderm al c e l l s  and over minor ve ins, and the drops were a lso  d is to r te d  
by protuberances such as trichom es. This i r r e g u la r  shape of drop depos­
i t s  meant th a t  a rea  measurements had to  be used r a th e r  than a l in e a r  
measurement of drop d iam eter, as  o ften  used in  c a lc u la tin g  spread 
f a c to rs  of drops on a r t i f i c i a l  ta rg e ts  w ith  uniform su rfaces .
The r e s u l ts  of th ese  measurements a re  presen ted  in  Table 4 .2 ,2 , 
in  which an area-based  spread f a c to r  f a c i l i t a t e s  comparison between
Table 4 ,2 .1  S ta t ic  su rface  ten sio n  measurements of so lu tio n s  
used in  drop spreading s tu d ie s  and herb ic ide  
so lu tio n s
_ i







0.1% Agral + 1 .0  g . l  ^ f lu o re sc e in
0.1% Agral + 70 g . l  ^ MCPA
0.1% Agral + 72 g . l  ^ glyphosate
0.1% Agral + 28 g . l  ^ paraquat
0.5% Agral 33.5
0.5% Agral + 1.0 g . l  ^ f lu o re sc e in 33.5
0.5% Agral + 25 g . l  ^ d ifenzoquat 34.6
0.5% Agral + 50 g . l  ^ difenzoquat 34.7
0.5% Agral + 200 g . l  ^ difenzoquat 34.8
Table 4 ,2 .2  Areas of co n tac t of drops on the su rface  of 
w ild oat leav es  and the ca lcu la ted  a rea - 










a rea  (p i  x 10 )
spread
fa c to r
0.1 119 2 7 0.180 1.62
3 6 0.147 1.32
4 5 0.162 1.46
0.1 272 2 5 1.27 2.19
3 6 1.44 2.48
4 5 1.15 1.98
0.1 370 2 5 2.83 2.62
3 5 2.34 2.17
4 4 1.92 1.78
0.5 119 2 6 0.211 1.90
3 6 0.180 1.62
4 7 0.191 1.72
0.5 214 2 5 0.864 2.40
3 5 0.683 1.90
4 6 0.488 1.36
0.5 312 2 5 1.26 1.65
3 6 1.26 1.65
4 5 1.25 1.63
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d if f e r e n t  drop s iz e s ;  th i s  f a c to r  was derived  from the a rea  of the 
drop d ep o sit on the le a f  d iv ided  by the c a lc u la te d  e q u a to ria l c ro ss -  
s e c tio n a l a rea  of the o r ig in a l drop in  sp h e rica l form. These spread 
factoim  v aried  between 1..3 and 2 .6  f o r  0.1% Agral and between 1.3 and y
2 .4  f o r  0.5% Agral.
There was no c o n s is te n t e f fe c t  of drop s iz e  on the degree of 
spread in  the range s tu d ied . Thus the f in a l  a rea  of the drop d ep o sit 
i s  p ro p o rtio n a l to  the o r ig in a l e q u a to ria l c ro ss -s e c tio n a l a rea  of the  
drop, r a th e r  than i t s  volume. This means th a t  as drop s iz e  in c reases  
th e re  w ill  be an in crease  in  th e  d en s ity  of the a c tiv e  in g red ien t in  
th e  d ried  drop d ep o sit ( th e  term 'density*  denoting the mass of a . i .  
p e r u n it  a r e a ) .
F in a lly  th e re  was a suggestion  from these  r e s u l t s  th a t  sp read­
ing on le a f  2 was g re a te r  than th a t  on leav es  3 and 4, th i s  being the 
case fo r  fo u r out of the  s ix  comparisons made. This probably in d ic a te s  
a change in  the  su rface  wax component of the  leav es  during ageing.
4 .2 .2  Drop evaporation
The r a te  a t  which the v o la t i le  components of a spray so lu tio n  
evaporate from drops on th e  ta rg e t  su rface  may be expected to  a f f e c t  
the  en try  of herb ic ide  in to  the p la n t. In  the p resen t study the 
c a r r ie r  so lven t was in  a l l  cases w ater, and the evaporation  of drops 
w il l  be influenced  by such f a c to rs  as drop s i z e , th e  degree of spread­
ing , and environmental c o n d itio n s , p a r t ic u la r ly  tem perature and 
hum idity. The r a te  of drop evaporation  was s tu d ied  by the method 
described  in  Section 3*5*
Table 4 .2 .3  shows the  evaporation  tim es f o r  drops of 0.1 and 
0.5% Agral so lu tio n s  on g la ss  under lab o ra to ry  cond itions s im ila r  to
Table 4 ,2 .3  Evaporation tim es f o r  drops of aqueous Agral
so lu tio n s  of 0.5  and 0 ,1 %  concen tra tions on g la ss
in  la b o ra to ry  cond itions (see te x t  f o r  co n d itio n s) 
Agral Gone, (% ) Drop Diam, ( p m )  Evaporation Time(s) SE












those under which p lan ts  were tre a te d  in  th e  experiments on form of 
d ep o sit described  in  S ection  4.3* These cond itions were 65- 76% R.H. 
( re la t iv e  hum idity), I 7 .5 -1 8 .5°G f o r  the 0.5% Agral and 58-65% E .H .,
19- 19 . f or  the 0.1% A gral. Evaporation tim es increased  w ith drop 
s iz e  from 10 seconds f o r  drops around I30 um diam eter to  6O-8O seconds 
fo r  400 pii drops.
F u rth e r measurements of evaporation  tim es were taken in  the 
more co n tro lled  environmental cond itions of growth rooms. Here evapor­
a tio n  r a te s  of drops of 0.1% Agral so lu tio n  from g la ss  were compared 
w ith those of drops app lied  to  the su rface  of wild oat leaves. The 
r e s u l t s ,  p resen ted  in  Table 4 .2 .4 , show th a t  the r a te s  of evaporation 
of drops on le a f  su rfaces  were much low er than those of drops app lied  to  
g la s s . The d iffe ren ce  may be due to  d iffe re n c es  in  the spread of drops 
on the  two su rfaces . However, measurements of the  spread f a c to r  on 
g la ss  (Table 4 .2 .5 )  showed th a t  w h ils t spread was s l ig h t ly  g re a te r  on 
g la ss  than  on le a f  su rfaces  (Table 4 .2 .2 )  the d iffe ren ce  was probably not 
la rg e  enough to  account f o r  the  much slow er evaporation  on leav es . More 
probably th i s  was due to  the lo c a l ly  ra is e d  humidity around the le a f  
su rfaces  r e s u l t in g  from tra n s p ira t io n .
D espite the  prolonged evaporation  time on le a f  su rfaces  a l l  
drops up to  370 pm d ried  w ith in  3 m inutes. Thus i t  i s  l ik e ly  th a t ,  o ther 
than  in  cond itions of very high hum idity, th e  evaporation of spray drops 
occurs in  a r e la t iv e ly  sh o rt tim e, during which i t  i s  u n lik e ly  th a t  
s ig n if ic a n t  amounts of h erb ic id e  w il l  p en e tra te  the l e a f . Uptake of 
herb ic id e  from such aqueous spray drops must th e re fo re  take place from 
the  c ry s ta l l in e  d ep o sit l e f t  a f t e r  d ry ing , and be due e i th e r  to  a mainten­
ance of an aqueous bridge by w ater from the  le a f  or to  the su rfa c ta n t 
which remains as a lo w -v o la ti l i ty  so lven t on the le a f  su rface . This i s
Table 4.2.4 Evaporation tim es f o r  drops of 0,1% aqueous *A gral' 
so lu tio n  on g la ss  and le a f  su rfaces  in  growth cab ine t 
cond itions









Glass 62 18,5 178 14,7 0.65
291 46 1,91
336 63 3.72
Glass 54 19 177 12,5 0,70
281 30 1,78
357 51 1,50
Avena fa tu a 54 19 157 18 1,08




Table 4 .2 ,5  Spread f a c to r s  fo r  two 'A g ra l' concen tra tions on 
g la ss
Agral Concentration Drop Diameter 
>4m




fa c to r
Area
spread
fa c to r
0 . 1 % 191 397 2.08 4,30
321 474 1,48 2,18
413 633 1.53 2.35
0 .5 % 199 366 1,84 3.40
317 514 1,62 2.63
412 758 1,84 3.40
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an im portant po in t s ince  many previous s tu d ie s  on the p en e tra tio n  of 
h e rb ic id es  in to  p la n ts  have assumed th a t  en try  i s  from a l iq u id  drop 
and have th e re fo re  involved the  use of non-drying system of constan t 
h erb ic id e  concen tra tion , or la rg e  drops w ith p ro tra c te d  evaporation 
tim es.
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4 .3  S tudies on the  e f fe c ts  of form of d eposit
on herb ic ide  performance
H erbicides are  used to  a f fe c t  the growth, su rv iv a l or rep ro ­
duction  of the ta rg e t  weeds. Unless such e f fe c ts  are q u an tified  th ere  
i s  l i t t l e  purpose in  f u r th e r  study of re te n tio n , movement of herb ic ide  
in  the  p la n t or biochemical mode of a c tio n .
Laboratory experim ents w ith h erb ic id e  sprays, using s in g le  
p la n ts  in  p o ts , cannot be regarded as rep resen tin g  f ie ld  co nd itions.
The lack  of wind and o ther sources of d istu rbance to  the spray p a tte rn , 
coupled w ith a lack  of p a r t ia l  shading from spray by o ther weeds or crop 
p la n ts  means th a t  doses of herb ic ide  re ta in e d  from a spray w ill be high­
e r  w ith these labo ra to ry -sp rayed  p la n ts  than those under f ie ld  spray­
ing con d itio n s. Thus, f o r  example, herb ic ide  concen tra tion  must u su a lly  
be reduced in  lab o ra to ry  experim ents to  m aintain the normal range of 
b io lo g ic a l response. C learly  th i s  i s  undesirab le  in  experiments when 
concen tra tion  i s  a v a riab le  under s tudy . A f u r th e r  problem w ith a l l  
experim ents concerned w ith spraying i s  the  d i f f i c u l ty  of sep a ra tin g  the 
v a r ia b le s  involved. For example, when volume ra te  i s  changed, sev era l 
f a c to rs  are v aried  inc lud ing  herb ic ide  concen tra tion , r e te n tio n , and the  
p o s itio n a l d is t r ib u t io n  of drops around the  p la n t su rface . For these 
reasons the experiments described  in  t h i s  sec tio n  were based on s p e c if ic  
d ep o s it p a tte rn s  achieved by the  a p p lic a tio n  of s in g le  drops using the 
device described  in  S ection  3*3.1«
The experim ents a re  of simple randomised block design. Only a 
s in g le  main f a c to r  was s tu d ied  in  most experim ents in  ad d itio n  to  dose; 
a range of doses of a c tiv e  in g red ien t p er p lan t i s  e s s e n tia l  f o r  th i s  
kind of experiment s ince only by comparison w ith the dose response can 
the  e f fe c ts  of o ther v a r ia b le s  be m eaningfully assessed . Furthermore a 
range of doses in creases  th e  chance of the  responses in  a  given exper­
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iment covering the  d es ired  range in  the  immediately s u h - le th a l re g io n .
4 .3.1  Experiments w ith MGPA on ra d ish
4 .3 .1 .1  The dose response . Two experim ents were c a r r ie d  out to  study 
the dose response. In  the f i r s t  the  rad ish es  had two expanded cotyledons 
w ith  the f i r s t  p a ir  of f o l i a r  leaves ju s t  emerging, th e  mean f re s h  weight 
of fo u r  p la n ts  being 0.64 grams. Using 300 pm diam eter drops and a 
s o lu tio n  con tain ing  70 g . l   ̂ MGPA a range of doses from 0.99-63*6 pg
was ap p lied  as 1-64 drops. In  the second experiment th e  growth stage of 
the ra d ish e s  was th ree  f u l ly  expanded f o l i a r  le av es , and fo u r doses were 
ap p lied  between 15.9 a.nd 127.2 pg (16-128 d rops). The drops were ap p lied  
evenly s p l i t  between the two cotyledons in  the  f i r s t  experiment and the 
f i r s t  p a ir  of f o l i a r  leav es  in  the  second experim ent. Fresh weight of 
fo lia g e  was assessed  a f t e r  I 9 and 25 days f o r  experim ents 1 and 2 
re sp e c tiv e ly .
In  both experim ents a s ig n if ic a n t  dose response was observed.
I t  was no ticed , however, th a t  the  r e s u l t s  of the f i r s t  experiment 
(cotyledon s ta g e ) , shown in  Figure 4 .1 , were more v a r ia b le  than  those of 
the second experiment (F igure 4 .2 ) .  A f u r th e r  experiment was th e re fo re  
conducted in  which batches of ra d ish  a t  the cotyledon stag e  were tre a te d , 
then  assessed  a t  14, 18 or 35 days a f t e r  trea tm en t. This experiment 
showed th a t  the increased  v a r ia b i l i ty  was probably due to  the  observed 
divergence of tre a te d  p la n ts  in to  two groups; some p la n ts  were showing 
regrowth by 35 days w h ils t o thers  were sev ere ly  s tu n ted  or dead a t  th i s  
d a te . This divergence c rea ted  a bimodal d is t r ib u t io n  of p la n t weight 
which would make an a ly s is  very d i f f i c u l t .  Also i t  i s  probable th a t  a t  
th e  l a t e r  s tag es  a t  which growth re g u la to r  h e rb ic id es  are  app lied  most 
w ild  rad ish es  and s im ila r  weeds w ill  have expanded f o l i a r  leav es .
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F igure 4 .1 : The response of ra d ish  (cotyledon s tag e ) to  a range of
doses o f MGPA, ap p lied  ^s 300;nn drops u sing  a 
co n cen tra tio n  o f ?0 g l a .e .
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F igure 4 .2 : The response of ra d ish  (3 f o l i a r  leav es) to  a  range of 
doses of MGPA, ap p lied  as 300^m drops using  a  
con cen tra tio n  of 70 g l a .e .
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Therefore in  subsequent experim ents the  rad ish es  were tre a te d  a t  the 
l a t e r  growth stage w ith the  f i r s t  p a ir  of f o l i a r  leav es  expanded.
4 .3 .1 .2  The e f fe c t  of MGPA co n cen tra tio n . Eadishes w ith 2-3 f o l i a r  
leaves were tre a te d  on the f i r s t  p a ir  of f o l i a r  leav es  w ith  15 . 9 » 31.8  
or 63.6  pg MGPA. These doses were app lied  in  fo u r  co n cen tra tio n s, 
namely 35, 70» 140 and 280 g . l  MGPA. The number of drops app lied  was 
v a ried  to  achieve the  doses so th a t  w ith the  weakest so lu tio n  32-128 
drops were app lied  (drop d iam eter 300 jjm ) , w h ils t w ith  the s tro n g es t 
so lu tio n  4-16 drops were ap p lied . Agral was included a t  0.1% v /v  in  
a l l  so lu tio n s . A p re lim inary  experiment had shown th a t  80 drops of a 
so lu tio n  of Agral alone a t  t h i s  concen tra tion  caused no s ig n if ic a n t  
red u c tio n  in  f re sh  w eight. The experiment comprised s ix te e n  r e p l ic a te s  
and included u n trea ted  p la n ts  as co n tro ls ; f re sh  weight and dry weight 
were assessed  16 days a f t e r  trea tm en t.
A nalysis showed no d iffe ren ce  between the r e s u l t s  obtained w ith 
the  two assessm ents; those f o r  dry weight a re  p resen ted  in  f ig u re  4.3» 
showing the h igh ly  s ig n if ic a n t  e f fe c t  of dose (p<C0.00l), but th ere  
was no s ig n if ic a n t  d iffe re n c e  between co n cen tra tio n s. Thus from th is  
experiment the co n cen tra tio n  of MGPA does not appear to  be an im portant 
f a c to r  determ ining the  b io lo g ic a l e f f e c t .
4 .3 . 1.3  The e f fe c t  of drop s iz e . This experiment compared th re e  drop 
s iz e s ,  namely 200, 318 and 400 diam eter, these  having volumes in  the  
r a t io  8 : 2 : 1 ;  i t  was th e re fo re  po ssib le  to  apply doses of 9 .4 , 18.8 
and 37.5  Pg w ith each drop s iz e  by varying drop number. The trea tm en ts  
were app lied  to  the f i r s t  p a ir  of f o l i a r  leaves of ra d ish e s  w ith two 
expanded f o l i a r  leav es  and a mean f re s h  weight of 2.45 grams. U ntreated 
co n tro l p la n ts  were included and th e re  were s ix te e n  r e p l ic a te s .  Fresh
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Figure 4 .3 : The response of ra d ish  (2-3 f o l i a r  leav es) to  MGPA a t
th re e  doses and four co n cen tra tions u sing  300 ym  drops
-1G oncentrations: 35 g l
70 g l
140 g l - 1
280 g l -1
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and dry weights were assessed  I 9 days a f t e r  trea tm en t.
Again th e re  was no d iffe ren ce  in  the r e s u l t s  of a n a ly s is  f o r  
f r e s h  and dry w eights. There was a  h igh ly  s ig n if ic a n t  dose response 
( p < 0 . 001) , but no s ig n if ic a n t  e f fe c t  due to  drop s iz e . A nalysis of 
the  r a t io  f re s h  weight : dry weight gave no s ig n if ic a n t  d iffe re n c es  a t  
a l l .  The r e s u l t s  f o r  dry weight a re  shown in  Figure 4 .4 . Thus 
d e sp ite  the e ig h tfo ld  d iffe ren c e  in  drop volume s tu d ied , w ith conse­
quences on d is t r ib u t io n  and lo c a l is a t io n  of d ep o s it, drop s iz e  d id  not 
in flu en ce  MGPA performance.
4 .3 .1 .4  The e f fe c t  of p o s itio n  of d e p o s it . The e f fe c t  of varying the  
p o s itio n  of the herb ic ide  d ep o sit on the ra d ish  surface  was s tu d ied  w ith 
MGPA in  two experim ents. In  the  f i r s t  experiment treatm ent to  the f i r s t  
p a i r  of f o l i a r  leaves was compared w ith treatm ent to  the  cotyledons and 
to  evenly s p l i t  treatm ent to  both the cotyledons and the f o l i a r  leav es . 
Only two doses were ap p lied , 15.9 &nd 31.8 Pë, a,s I6 and 32 drops of 
MGPA so lu tio n  (70 g . l  ^) using 3OO pm drops. In  the  second experiment 
doses of 7.95 and 31.8  pg were app lied  to  e i th e r  the midveins of the 
f i r s t  p a ir  of f o l i a r  leav es  or to  the  le a f  laminae of these  leaves to ­
wards the  le a f  margin, avoiding veins as much as p o ss ib le . In  both 
experim ents u n trea ted  p la n ts  were used as co n tro ls  and r e p l ic a te s  were 
20 in  number in  the f i r s t  experiment w ith 10 in  the second experim ent. 
P la n ts  had two expanded f o l i a r  leaves in  both experim ents. F resh and 
dry weights were assessed  a f t e r  15 and 20 days f o r  the f i r s t  and second 
experim ents re sp e c tiv e ly .
Treatment of th e  cotyledons was in fe r io r  in  performance to  
trea tm en t of e i th e r  the  f o l i a r  leaves alone or a combination of the 
f o l i a r  leav es  and cotyledons (Figure 4 .5 ) .  There was a suggestion
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F igure 4 .4 : The response of ra d ish  (2 f o l i a r  le a v e s )  to  MGPA a t
th re e  doses and th re e  drop s iz e s  u sing  a  concen tra tion  
of 70gl” a .e .
Drop s iz e s :  200 pm
318 pm '









Figure 4.3: The response of rad ish  (2 f o l ia r  leaves) to MGPA a t 
two doses app lied  to  th ree  p o s itio n s
P o sitio n s: cotyledons
f o l ia r  leaves
cotyledons and 
f o l ia r  leaves
“ 38“
(lower dose only) th a t  the treatm ent of both cotyledons and f o l i a r  
leav es  i s  le s s  e f fe c tiv e  than treatm ent of the f o l i a r  leaves only.
Thus the cotyledons appear to  be le s s  e f fe c tiv e  s i t e s  f o r  treatm ent 
w ith  MGPA. In  p ra c tic e  the  f o l i a r  leav es , when expanded, a re  much 
la r g e r  than the  cotyledons, so they are  more im portant in  terms of 
ta rg e t  a rea  a lso . Reasons fo r  the  d iffe ren ce  in  e f f e c t  could be due 
to  d iffe ren ce s  in  e i th e r  p e n e tra tio n  or movement of the  MGPA, With 
both p o s s ib i l i t i e s  the  ageing of the cotyledons, consequent changes in  
su rface  s tru c tu re ,  and reduced importance as a source of food in  the 
p la n t would be l ik e ly  to  co n trib u te  to  the observed e f fe c t .
The second experim ent showed th a t  treatm ent to  the midvein 
was more e f fe c tiv e  than trea tm en t to  the le a f  lamina (F ig . 4 .6 ) . Again 
a number of fa c to rs  could be involved. I t  i s  well e s ta b lish ed  th a t  the 
su rfaces  over veins have a reduced cover of surface  wax dep o sits  than 
le a f  laminae (M artin and Ju n ip er, 1970). In  ad d itio n  herb ic ide  e n te r ­
ing  t is s u e  a sso c ia ted  w ith the  vein  may be more re a d ily  taken in to  the 
tra n sp o r t system, p a r t ic u la r ly  the  xylem system. T hirdly  trea tm en t to  
the  midvein i s  c lo se r  to  the  shoot apex which i s  l ik e ly  to  be a  major 
s i t e  of MGPA a c t iv i ty ,  and th is  may co n trib u te  to  the r e s u l t .  However, 
considering  th e  small ta rg e t  a rea  of the midvein i t  i s  u n lik e ly  th a t  
the d iffe ren ce  in  e f fe c t  observed would be of major importance in  d e te r ­
mining the o v e ra ll response of an MGPA spray.
4.3•1*5 The e f fe c t  of s u rfa c ta n t co n cen tra tio n . S u rfac tan t co n cen tra t­
ion i s  a f a c to r  most l ik e ly  to  be a ffe c te d  by changes in  volume r a te ,  
s ince  most commercial h erb ic id e  fo rm ulations con ta in  su rfa c ta n ts  a t  
le v e ls  d ic ta te d  by the normal recommended spray volume. Thus in  th i s  
experim ent a ty p ic a l concen tra tion  of A gral, th a t  i s  0.1% v /v , was 









Figure 4 .6 : The response of rad ish  (2 f o l ia r  leaves) to  MGPA a t
two doses app lied  to  two p o s itio n s  on the f o l ia r  
leaves.




one lower concen tra tion  of 0.01% v /v . These fo u r so lu tio n s  contained 
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70 g . l  MGPA and were app lied  in  doses of 7.95, 15.9 and 31.8 p g  to  
the f i r s t  p a ir  of f o l i a r  leaves of ra d ish e s . The rad ish es  had two 
f u l ly  expanded f o l i a r  leaves and a mean f re s h  weight of 1.08 grams a t  
the  time of trea tm en t; th e re  were ten  r e p l ic a te s .  In  th i s  experiment 
only f re s h  weight was assessed  ( a f te r  28 days) s in ce  in  no previous 
experiment had dry weight r e s u l t s  d if fe re d  from f re s h  weight.
The r e s u l t s  (F ig . 4 .7 ) showed a h igh ly  s ig n if ic a n t  dose response 
( p ^ 0.001 ) but no d iffe ren ce  between su rfa c ta n t co n cen tra tion . This i s  
a somewhat su rp r is in g  r e s u l t  s in ce  the experiment s tu d ied  a 1000-fold 
co n cen tra tio n  range and su rfa c ta n ts  are  known to  in fluence many fa c to rs  
includ ing  spreading , w etting , p en e tra tio n  and movement (Foy and Smith,
1989) . The s t a t i c  su rface  ten sio n  of the so lu tio n s  in  th i s  experiment
—1 —1 were 32.5 mNm f o r  the 0.01, 0.1 and 1.0% co n cen tra tions and 32.3  mNm*"
f o r  the 10.0% co n cen tra tion , so i t  seems th a t  a l l  concen tra tions were 
above the  c r i c i t a l  m icelle  co n cen tra tion , and thus i t  may be th a t  Agral 
co n cen tra tion  does not a f f e c t  the b io lo g ica l performance of MGPA above 
i t s  G.M.G.. There was some evidence of su rfa c ta n t or su rfac tan t-in d u ced  
damage a t  the s i t e  of drop d ep o sits  a f t e r  4-5 days v is ib le  as in d en t­
a tio n  in  th e  le a f  su rface , but c le a r ly  th is  d id  not a f f e c t  MGPA a c t iv i ty .
4 .3 .2  Experiments w ith d ifenzoquat on wild oat
4 .3 .2 .1 The dose response . A range of doses of d ifenzoquat (5 .7 -9 1 .0  P ë  
a . i . )  was app lied  as 8-128 drops of 3OO pm diam eter to  w ild oat p lan ts  
having 2 ^  le a v es . The trea tm en t contained 50 g . l  of d ifenzoquat 
c a tio n  and 0.5% v /v  'A g ra l '.  The drops were app lied  e i th e r  to  l e a f  2 
in  a confined a rea  3O-6O mm from the  le a f  l ig u le  or evenly spread over 
leav es  1 and 2. The experiment included un trea ted  co n tro ls  and e ig h t 
r e p l ic a te s .
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F igure 4 .? : The response of ra d ish  (2 f o l i a r  leav es) to  MGPA a t
th re e  doses using  four co n cen tra tio n s  of 'A g ra l ' 
s u r fa c ta n t.
A gral co n cen tra tio n s: 0.01 % v /v  —
0.1 ^  v/V ““
1.0 % v /v  " —
10.0 % v /v  ' “
— 60 “
Fresh weight was assessed  26 days a f t e r  trea tm en t. Analysis 
of variance of the  f re s h  weight d a ta  showed a h ig h ly  s ig n if ic a n t  dose 
response (p-^O.OOl) w ith a maximum red u c tio n  in  growth in h ib itio n  
occurring  a t  a dose of 45.5 -  91*0 pg (See Figure 4 .8 ) .  There was no 
s ig n if ic a n t  d iffe ren ce  between the  two p o s it io n a l  v a r ia t io n s  although 
i t  appeared th a t  the  maximum growth in h ib i t io n  response had been su r­
passed a t  the h ighest dose w ith the trea tm en t to  both  leav es .
4 .3 .2 .2  The e f fe c t  of co n cen tra tio n . Difenzoquat was app lied  to  wild 
oat p la n ts  a t  th ree  doses (5 .7 , 11.4 and 22.7 pg p er p lan t)  in  each of 
fo u r concen tra tions (25, 50, 100 and 200 g . l " ^ ) .  The trea tm en ts were 
composed of various numbers of 300 pm drops app lied  to  the th ird  le a f  
of w ild oat p la n ts , the  tre a te d  area  being 20-40 mm from the l ig u le .
The p la n ts  had 4 leaves and 1-3 small t i l l e r s ,  and each treatm ent was 
re p lic a te d  ten  tim es. Shoot f re s h  weight was assessed  28 days a f t e r  
tre a tm e n ts .
Analysis of variance showed a h ig h ly  s ig n if ic a n t  dose response 
(p-cO.OOl) and a s ig n if ic a n t  e f fe c t  of co n cen tra tio n  (p = O.O5 ) . As 
concen tra tion  of d ifenzoquat was increased  the h e rb ic id e  was le s s  e f f e c t ­
ive , causing le s s  growth in h ib i t io n  w ith the  h ig h est concen tra tion  than 
w ith the  low est (Figure 4 .9 ) .
The mechanism of t h i s  concen tra tion  e f f e c t  i s  not immediately 
c le a r  since  the experiment involved sev era l v a r ia b le s . F i r s t ly ,  as con­
c e n tra tio n  i s  increased , the  number of drops f o r  a  given dose i s  decreas­
ed so th a t  the to t a l  le a f  a rea  in  con tact w ith  h e rb ic id e  dep o sit i s  
reduced. Secondly the  amount of su rfa c ta n t v aried  in  r e la t io n  to  the  
amount of herb ic id e , since  the  su rfa c ta n t co n cen tra tio n  was m aintained a t  
0 .5^  v /v  in  a l l  so lu tio n s . T h ird ly  the evaporation  r a te  may have been
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F igure 4 .8 : The response of w ild oat (2-J leav es) to  a range of
doses of d ifenzoquat, ap p lied  as 300 pm drops using  
a con cen tra tio n  o f 50 g l~^.
Two p o s i t io n s  were t r e a te d :  
Leaf 2: 30-60mm from l ig u le  
Leaf 1 and l e a f  2
100 J
% o f 
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F ig u re  4.9% The resp o n se  o f w ild  o a t (4 le a v e s )  to  d ifen zo q u a t a t
th re e  doses and fo u r c o n c e n tra tio n s , u s in g  300  ^  drops.
23 g l“ ^
50
100 g l” '
200 g l” ^
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d if f e re n t  between the various so lu tio n s  and f in a l ly  drop spread may 
have been a l te re d  by herb ic ide  concen tra tion  d iffe re n c e s .
The e f fe c t  of su rfa c ta n t co n cen tra tio n  i s  s tud ied  in  Section  
4 .3 .2.5* Section  4 .2  has a lready  suggested th a t  drop spread and evapor­
a tio n  r a te s  are u n lik e ly  to  be of major importance here. V aria tio n  in  
the a rea  of con tact of the spray d ep o sit may a f f e c t  performance e i th e r  
by in flu en c in g  the  r a te  of herb ic ide  uptake or through p h y sio lo g ica l 
e f f e c ts .  One most im portant observation  from t h i s  experiment was th a t  
the d if f e r e n t  concen tra tions caused varying amounts of n ec ro sis  a t  the 
s i t e  of trea tm en t. Furthermore i t  was no ticed  th a t  a t  3-4 days a f t e r  
trea tm en t the se v e r ity  of n ecro sis  around drops was more severe f o r  
the  most concentrated  so lu tio n s  than  f o r  the  more d i lu te  s o lu tio n s . I t  
was considered l ik e ly  th a t  these  e f fe c ts  were connected w ith the  f in a l  
growth in h ib it io n  and th e re fo re  a fu r th e r  experim ent was c a rr ie d  out 
w ith the in te n tio n  of q u an tify in g  th ese  d iffe re n c e s  in  n e c ro s is .
This second experiment involved the a p p lic a tio n  of the  two 
extremes of the  concen tra tion  range s tu d ied , namely 25 and 200 g . l ” . 
Only a s in g le  dose was app lied  (22.7 pg) and drop s iz e  was m aintained 
a t  300 p m .  Treatments were app lied  to  leaves 1, 2 and 3 (30-50 mm 
from the  l ig u le  in  each case) of w ild oat p la n ts  w ith  3 leav es  and 1 
small t i l l e r .  Ten r e p l ic a te s  were harvested  a f t e r  7 days and the  
tre a te d  le a f  removed. These leaves were then photographed as a v isu a l 
record  of degree of n e c ro s is , and fo llow ing  th i s  f re s h  and dry weight 
were determined fo r  each tre a te d  le a f  to  a sse ss  the  w ater co n ten t. A 
f u r th e r  nine r e p l ic a te s  were grown on and harvested  30 days a f t e r  
trea tm en t as a record  of th e  e f fe c ts  of the trea tm en ts  on growth 
in h ib i t io n .
The r a t io  of f re s h  weight i dry weight f o r  th e  tre a te d  leaves
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and un trea ted  co n tro l leaves 7 days a f t e r  treatm ent is shown in
Figure 4 .10 . The da ta  show th a t  w ater content was reduced in  tre a te d
—1 1leav es , more severe ly  in  the  25 g . l ” treatm ents than  the 200 g . l "
ones. This i s  con trary  to  the expected r e s u l t  comparing the observed 
s e v e r ity  of necrosis  caused by in d iv id u a l drops f o r  the  two concen­
t r a t io n s .  The photographic reco rds of the tre a te d  leav es  (P la te  4 .1 ) 
rev ea l th a t  in d iv id u a l drops tended to  cause g re a te r  n ec ro sis  w ith  the 
h igher concen tra tion  of d ifenzoquat. However, s ince  th e re  are more 
drops of the more d i lu te  so lu tio n  the combined e f fe c t  of these  drops 
produced a g re a te r  red u c tio n  in  w ater content than  w ith the  more 
concentrated  so lu tio n .
With both concen tra tions of difenzoquat the red u c tio n  in  w ater 
content was most severe on the  o ld est le a f  ( le a f  l )  and l e a s t  severe on 
the youngest le a f  ( le a f  3 ) . This c o r re la te s  w ith the observed degree 
of n ecro sis  in  P la te  4 .1 , as n ecro sis  was most severe on le a f  1 and 
le a s t  severe on le a f  J .
The f in a l  assessm ent of shoot f re sh  weight 30 days a f t e r  t r e a t ­
ment w ith the second batch  of t re a te d  p la n ts  (Figure 4.11) showed th a t  
fo r  leaves 2 and 3 the lower co n cen tra tion  was more e f fe c tiv e  as was 
found in  the preceding experim ent. On le a f  1 d ifenzoquat was much le s s  
e f fe c tiv e  than on the  younger leav es , and here a s l ig h t ly  g re a te r  e f fe c t  
on growth in h ib it io n  was observed w ith the  h igher co n cen tra tio n . These 
d iffe re n ce s  in  performance of d ifenzoquat between leav es  are d iscussed  
fu r th e r  in  sec tio n  4 .3 .2 .4  where o th er experiments on the  e f fe c t  of vary­
ing  p o s itio n  of deposit are  described .
4 .3 .2 .3  The e f fe c t  of drop s iz e . Wild oat p la n ts  w ith  3& leav es  and 
2 sm all t i l l e r s  were tre a te d  w ith th re e  doses of d ifenzoquat (6 .7 , 13.4 






Untreated 200 g l 25 g l
Figure 4.10: The e f fe c t  of two concentrations of difenzoquat on the 
fresh  w eight/dry weight r a t io  of leaves of w ild oat 
(3 le a v e s ). The dose applied  was 22.7 pg per p la n t.
F i r s t  le a f  tre a te d  and harvested 
Second le a f  tre a te d  and harvested 
Third le a f  tre a te d  and harvested
Plate 4.1 Treated leaves from wild oat plants showing
n ec ro sis  7 days a f t e r  a p p lic a tio n  of 
d ifenzoquat a t  two co n cen tra tio n s.
a 25 g . l d ifenzoquat; le a f  1
h 25 g . l ' d ifenzoquat; le a f  2
c 25 g . l ' d ifenzoquat; l e a f  3
d 200 g . l ' d ifenzoquat; le a f  1
e 200 g . l ' d ifenzoquat; le a f  2
f 200 g . l ' d ifenzoquat; le a f  3
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Figure 4.11: The response of w ild oat (3 leaves) to difenzoquat a t 
a dose of 22.7 per p lan t and two concen tra tions, 
app lied  to  th ree  p o s itio n s .
P o sitio n s: le a f  1
le a f  2
le a f  3
□
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drop s iz e s  were app lied  (200, 318 and 400 p i  diam eter) g iv ing  exact 
m u ltip les  of volume. The treatm ent so lu tio n  contained 50 g . l   ̂ of 
d ifenzoquat ca tio n  and 0 , 5 %  v /v  of 'A g ra l ',  Shoot f re sh  weight was 
assessed  28 days a f t e r  trea tm en t.
A nalysis showed a h igh ly  s ig n if ic a n t  dose response (p-<0.00l) 
and a s ig n if ic a n t  e f fe c t  due to  drop s iz e  (p = O.Ol). Although there  
was no s ig n if ic a n t  in te ra c t io n  of dose and drop s iz e  the  r e s u l t s  
(Figure 4 .12) in d ica te  th a t  the g re a te s t  d iffe ren ce  between drop s iz e s  
was a t  the lower doses, the  sm alle s t drop s iz e  (200 p i)  being the most 
e f fe c t iv e  and the  la rg e s t  drop s iz e  (400 p i)  the  l e a s t  e f fe c t iv e .
I t  i s  l ik e ly  th a t  th i s  r e s u l t  i s  connected with the degree of 
d isp e rsa l of the h erb ic id e  d ep o sit on the le a f  su rface , as suggested 
f o r  the e f f e c t  of h erb ic id e  concen tra tion  in  the  preceding se c tio n .
There are  few er drops w ith the la rg e r  drop s iz e  and, as shown in  
Section  4 .2 , the  concen tra tion  of the d rie d  d ep o sit tends to  in crease  
w ith drop s iz e .  In  ad d itio n  i t  was found th a t  n ec ro sis  a few days a f t e r  
treatm ent was more severe w ith the la rg e r  drops, again s im ila r  to  the 
e f f e c t  of h erb ic id e  concen tra tio n .
4 .3*2 .4  The e f fe c t  of p o s itio n  of d e p o s it . Four experiments are 
described  in  t h i s  S ection , looking a t  various asp ec ts  of the in fluence  
of the s i t e  of treatm ent of wild oat p la n ts . Two of these experim ents 
compared trea tm en ts  to  le a f  1, le a f  2 or le a f  3 of p la n ts  w ith 3& leaves 
( f i r s t  experim ent) and 2% leaves (second experim ent). A dditional t r e a t ­
ments included  were to  a l l  th ree  leaves (drops being evenly d ispersed ) 
in  the  f i r s t  experiment and to  the o u te r su rface  of the sheath  of leaves 
1 and 2 in  the  second experim ent. Doses were 11, 21 and 43 pg in  
experiment 1 and 2 .8 , 5*7, 11.4 and 22.7 pg in  experiment 2. The th ird  
experiment compared d is tan ce  from the  le a f  l ig u le  on le a f  2 of
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F ig u re  4 .1 2 : The response  o f  w ild  o a t ( 3 j  le a v e s )  to  d ifen zo q u a t a t
th r e e  doses and th re e  drop s iz e s  u s in g  a  c o n c e n tra tio n  
o f  50g l“ '’ .




p la n ts , trea tm en ts  being app lied  O-3O mm, JO-GO  mm or 6O-9O mm from
the  l ig u le .  In  the  fo u rth  experiment 2 - le a f  p la n ts  were tre a te d  on
le a f  2 over a reas  30-90 mm or 50-70 mm from the  l ig u le  to  compare
d if f e re n t  degrees of d isp e rs io n  of drops over the  le a f  su rface . In  a l l
experim ents the drop s iz e  was 3OO pm and so lu tio n s  con tain ing  50 g . l
d ifenzoquat were used in  experim ents 1, 2 and 3 w h ils t two so lu tio n s  
_
of 25 and 200 g . l  were used in  experiment 4. There were 8 r e p l ic a te s  
in  each of the  f i r s t  two experim ents and ten  in  the second two. The 
experim ents were assessed  f o r  shoot f re s h  weight a f t e r  20, 22, 20 and 
22 days f o r  experim ents 1-4 re sp e c tiv e ly .
The r e s u l t s  of the  f i r s t  two experim ents showed th a t  the  o lder 
leav es  are  le s s  e f fe c tiv e  s i t e s  f o r  d ifenzoquat a c t iv i ty .  This i s  most 
pronounced w ith leaves 1 and 2 in  the  f i r s t  experiment (Figure 4.13) and 
le a f  1 in  the second experiment (Figure 4 .1 4 ). The g re a te r  a c t iv i ty  of 
le a f  2 in  the second experiment i s  probably due to  the younger p la n t 
stage tre a te d . I t  appears th a t  spreading the drops over a l l  th ree  leaves 
(Figure 4.13) was no more e f fe c tiv e  than  trea tm en t to  the most e f fe c tiv e  
le a f  alone, th a t  i s  le a f  3. However i t  i s  in te re s t in g  th a t  a t  the 
middle dose (21 pg) w ith the  treatm ent of a l l  th re e  leav es , le a f  3 
rece ived  only 7 pg of d ifenzoquat, yet th e  e f fe c t  of th i s  treatm ent was 
much g re a te r  than th a t  of the low est dose (11 pg) to  le a f  3 a lone. Thus 
the  herb ic ide  app lied  to  leaves 1 and 2 (7 Pg each) must have con­
tr ib u te d  a s u b s ta n tia l p a r t  of the to t a l  e f fe c t  w ith  th is  s p l i t  t r e a t ­
ment, probably g re a te r  than when these  o ld e r leav es  were in d iv id u a lly  
t re a te d  w ith a much h igher dose. This probably in d ic a te s  th a t  a given 
s i t e  has the cap acity  to  export a c e r ta in  amount of d ifenzoquat, which 
may be reduced i f  the dose a t  th a t  s i t e  i s  in c reased . F u rth er evidence 
f o r  t h i s  comes from the observed r e s u l t s  th a t  the maximum in h ib i t io n  of 
growth occurred below the  h ig h est dose w ith  le a f  2 in  Figure 4.13 3<nd
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1 .0  1 .2  1 .4  1 .6
Dose ( lo g . ^g )
The response  o f w ild  o a t (3^ le a v e s )  to  d ifen zo q u a t a t  
th r e e  doses u s in g  a  c o n c e n tra tio n  o f  50g l"^  and 300 
d ro p s , a p p lie d  to  fo u r p o s i t io n s .
P o s i t io n s : Leaf 1
L eaf 2
Leaf 3
A ll th re e  
le a v e s
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F ig u re  4 . l4 :
Dose ( lo g . ^ g )
The response  o f  w ild  o a t (2^ le a v e s )  to  d ife n z o q u a t a t  
fo u r  doses u s in g  a  c o n c e n tra tio n  o f  50g l"^  and 300  pm 
d ro p s , a p p lie d  to  fo u r  p o s i t io n s .
P o s i t io n s : L eaf 1
L eaf 2 
L eaf 5
Leaf sh ea th
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le a f  1 in  f ig u re  4 .14 . Since in  S ec tion  4 .3 .2 .2  i t  was shown th a t  
n ec ro sis  a t  the s i t e  of treatm ent was g en e ra lly  more severe on o lder 
leav es , i t  would seem probable th a t  th i s  f e a tu re  of difenzoquat 
a p p lic a tio n  in  high co n cen tra tions might a lso  exp lain  the  r e s u l t s  w ith 
s i t e  of a p p lic a tio n .
The treatm ent to  the le a f  sheath  of leaves 1 and 2 in  the 
second experiment (F igure 4 .14) was not s ig n if ic a n t ly  d if f e re n t  from 
the trea tm en ts  to  leaves 2 and 3 » & s u rp r is in g  r e s u l t  considering  the 
proxim ity of th is  s i t e  to  the  shoot a p ic a l meristem, the  presumed s i t e  
of a c tio n . However, the increased  proxim ity of the drops in  t h i s  more 
r e s t r i c te d  treatm ent may have accounted f o r  th i s  r e s u l t .
Experiment 3 (Figure 4.15) showed th a t  d ifenzoquat was more 
e f fe c tiv e  when app lied  n ea re r to  the base of the le a f  lam ina. This i s  
perhaps to  be expected since  the s i t e  of a c tio n  i s  the ap ica l meristem, 
which i s  near to  the  basal end of the  le av e s . However, the mechanism 
of tra n s lo c a tio n  of t h i s  h erb ic id e  i s  not y e t f u l ly  known, and the 
reason fo r  th is  r e s u l t  may not th e re fo re  be simply one of proxim ity.
I t  has been suggested th a t  d iffe ren c es  in  the surface wax may be respons­
ib le  f o r  such d iffe ren c es  in  herb ic ide  performance along the le a f  
lajninae of w ild oat (W alter and B ischof, 19?6). The l e a s t  e f fe c tiv e  
p o s itio n  in  th i s  experiment (6O-9O mm from the l ig u le )  showed a negative 
dose response, probably due to  r e s t r i c te d  movement of herb ic ide  from 
beneath each drop. Since difenzoquat moves la rg e ly  in  an a p o p la s tic  
manner (Sharma e t  a l . 1976) r e d is t r ib u t io n  w ith in  the  le a f  would be 
g re a te r  towards the le a f  base where the tra n s p ira t io n  flow ra te  i s  
g re a te r .
The r e s u l ts  of the  fo u rth  experiment (Figure 4 .16) are d i f f i c u l t  
to  in te ip r e t  since both the degree of d isp e rs io n  of drops and proxim ity
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F ig u re  4 .1 ^ :
Dose ( lo g . ^g )
The resp o n se  o f  w ild  o a t ( 3 j  le a v e s )  to  d ifen zo q u a t a t  
th re e  doses u s in g  a  c o n c e n tra tio n  o f  50g l ~1 ^nd ^00 jxm 
d ro p s , a p p lie d  to  th re e  p o s i t io n s  on l e a f  two.
P o s i t io n s : 0-30 mm from l ig u le  
30-60  mm from l ig u l e  
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Figure 4.16: The response of wild oat (2 leaves) to difenzoquat at 
two doses using two concentrations applied to two 
positions on leaf two.








to  the  le a f  base were a l te re d , although the cen tre  of the tre a te d  area  
remained a s e t  d is tan ce  from the  l ig u le .  However, th e re  was a very 
la rg e  d iffe ren ce  observed between the two concen tra tions of d ifenzoquat, 
as before the more concentrated  treatm ent being the l e a s t  e f fe c t iv e .  
D espite the  problems of in te rp re ta t io n  th e re  were no s ig n if ic a n t  
d iffe ren ce s  between the  two d isp e rs io n  trea tm en ts , th i s  being unexpected 
from previous f in d in g s  since w ith the more d isp ersed  treatm ent not only 
were the drops fu r th e r  a p a r t but a lso  a p roportion  of the  drops were 
c lose  to  the le a f  base, p rev iously  found to  be more e f fe c t iv e .  This 
r e s u l t  suggests th a t  i t  i s  the concen tra tion  of the d ep o sit w ith in  each 
drop th a t  i s  im portant in  determ ining performance r a th e r  than the  degree 
of d isp e rs io n  of the drops.
3*2.5 The e f fe c t  of su rfa c ta n t co n cen tra tio n . A number of experiments 
have a lready  shown th a t  d ifenzoquat i s  le s s  e f fe c tiv e  when applied  as few­
e r  more concentrated drops. In  a l l  these  experim ents the su rfa c ta n t con­
c e n tra tio n  was 0 ,^% v /v  f o r  a l l  so lu tio n s , t h i s  being the concen tra tion  
normally used in  spray so lu tio n s  w ith t h i s  h e rb ic id e . I f  su rfa c ta n ts  
ac ted  only through th e i r  e f f e c ts  on physica l p ro p e rtie s  of the spray 
so lu tio n  th is  would be a reasonable p rocedure. However i t  i s  w idely held 
th a t  su rfa c ta n ts  a f fe c t  many processes, includ ing  herb ic ide  p en e tra tio n  
in to , and d isp e rs io n  w ith in  p la n t t i s s u e s .  I t  i s  p o ssib le  th a t  such 
e f fe c ts  might depend on the p roportion  of su rfa c ta n t molecules to  mole­
cu les  or ions of a c tiv e  in g re d ie n t. To t e s t  t h i s  p o s s ib i l i ty  two con­
c e n tra tio n s  of difenzoquat p rev iously  found to  d i f f e r  markedly in  a c t iv ­
i t y ,  namely 25 and 200 g . l ”^, were app lied  to  wild oat p la n ts  having 2-| 
leav es . Agral was included in  the 25 g . l  so lu tio n  a t  th e  normal 0.5/&
_4
concen tra tion , but a t  two concen tra tions in  the 200 g . l  so lu tio n , 
namely 0.5 and 4 .0  v /v . Thus the 4.0% co n cen tra tion  m aintained th e  same
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mass r a t io  of su rfa c ta n t  to  a c tiv e  in g re d ien t as the 0.5% concen tra tion  
-1
w ith  the 25 g . l  d ifenzoquat so lu tio n . The treatm en ts were app lied  to  
the second le a f  as doses of 11.4 and 22.7 ^  using 300 ^  drops. Shoot 
f re s h  weight was assessed  18 days a f t e r  trea tm en t.
There was a s ig n if ic a n t  e f fe c t  due to  d ifenzoquat dose 
(Figure 4 .1 7 ). However, th e  h igher su rfa c ta n t concen tra tion  d id  not 
re s to re  the lo s s  in  e f f e c t  which occurred with the  h igher co n cen tra tion  
as in  previous experim ents. In stead  the e f fe c t  was poorer w ith the 
h igher Agral co n cen tra tio n . I t  appeared th a t  the  h igher Agral con­
c e n tra tio n  only served to  enhance the lo c a l  damage which was apparen tly  
re sp o n sib le  fo r  the poorer e ffec tiv e n e ss  of the h igher d ifenzoquat con­
c e n tra tio n , probably due to  increased  p en e tra tio n  of d ifenzoquat a t  
t h i s  s i t e ,  although some damage d i r e c t ly  due to  the su rfa c ta n t cannot 
be ru led  out.
A second experiment was designed to  study the  e f f e c t  of a range 
of Agral concen tra tions on d ifenzoquat a c t iv i ty  using a so lu tio n  con­
ta in in g  50 g . l   ̂ of th e  h e rb ic id e . Three doses of 11.4, 22.7 and 45 .4  
^  were app lied  as 3OO pm drops to  the  th ird  le a f  of w ild oat p la n ts  
w ith 3 leav es , the drops being placed 40-80 mm from the l ig u le .  Three 
concen tra tions of Agral were used (O.O5 , O.5  and 5.0% v/v) and th e re  
were 8 r e p l ic a te s .  The degree of n ec ro sis  around the tre a te d  a reas  was 
s tu d ied  a f t e r  7 days and shoot f re s h  weight assessed  a f t e r  18 days.
F igure 4.18 shows the  r e s u l t s  of the shoot f re s h  weight a s se s s ­
ment, in d ic a tin g  a s ig n if ic a n t  dose response and a marked red u c tio n  in  
a c t iv i ty  of the  low est Agral co n cen tra tio n  (0.05%) compared w ith the 
h igher co n cen tra tio n s. This r e s u l t  i s  e n t i re ly  w ithout in fluence  from 
any re te n tio n  e f f e c t ,  and no d e tec tab le  e f fe c t  on drop spreading was 
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Figure 4.1?: The response of wild oat (2-g leaves) to difenzoquat
at two doses using two concentrations of both 
herbicide and ’Agral' surfactant
Solutions: 200gl difenzoquat; 0.3% 'Agral'
- 1200gl difenzoquat; 4.0% 'Agral'
25 gl  ̂ difenzoquat; 0.3% 'Agral'
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Figure 4 .l8 : The response o f w ild oa t (3 leav es) to  d ifenzoquat a t  
th re e  doses u sing  a co n cen tra tio n  of 30g l“  ̂ and th ree  
co n cen tra tio n s  of 'A g ra l' s u r fa c ta n t .
'A g ra l' co n cen tra tio n s: 0.05% v /v  *
0 .5  % v /v  — — ——
5*0 % v /v  '
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as 34 mNm  ̂ f o r  the  0 , 05% concen tra tion  and 35 fo r  th e  o ther
two so lu tio n s .
O bservations on the degree of n ecro sis  on the tre a te d  leav es  
revealed  th a t  th i s  increased  w ith in creasin g  su rfa c ta n t co n cen tra tio n .
To e s ta b lis h  whether th i s  in crease  in  n ecro sis  was due to  the  
s u rfa c ta n t concen tra tion  alone or to  some e f fe c t  on the a c t iv i ty  of 
d ifenzoquat a th i rd  experiment was conducted to  compare the same th ree  
concen tra tions of Agral w ith or w ithout d ifenzoquat. A s in g le  dose of 
44 p g  was app lied  as 64 drops of JOO /m diam eter using a so lu tio n  of 
50 g . l   ̂ d ifenzoquat. The drops were app lied  to  the second le a f  of 
p la n ts  w ith 2% leav es , using O.O5 , O.5  and 5*0% Agral co n cen tra tio n s.
The degree of n ec ro sis  of the tre a te d  leaves was observed and photograph­
ed a f t e r  ? days and f re s h  weight assessed  a f t e r  24 days.
The r e s u l t s  again showed th a t  the  h igher two concen tra tions 
of Agral were much more e f fe c tiv e  than the low est concen tra tion  when 
app lied  w ith d ifenzoquat (Figure 4.19)» indeed the low est concen tra tion  
d id  no t caL^e a  s ig n if ic a n t  reduction  in  f re s h  weight compared w ith the 
trea tm en ts  of su rfa c ta n t a lone. In  c o n tra s t to  the f in d in g s  of the  
previous experiment i t  was in  th is  case found th a t  the maximum Agral 
concen tra tion  (5«0%) reduced the  e f fe c t  of d ifenzoquat compared
to  th a t  with 0.5% Agral. This may be due to  the a p p lic a tio n  being made 
to  the second le a f  in  th i s  experiment r a th e r  than the th ird  le a f  as was 
the case in  the previous experim ent, because previous experim ents showed 
th a t  the  second le a f  i s  more prone to  lo c a lis e d  damage.
This experiment confirmed th a t  n ecro sis  a t  the s i t e  of t r e a t ­
ment was mainly due to  the  combination of difenzoquat w ith Agral r a th e r  








Agral alone Agral + difenzoquat
Figure 4.19: The response of w ild oat (2^ leaves) to  th ree  'A gral' 
concentrations with and without difenzoquat a t  a dose 
of 44 ^g per p la n t .
'A gra l' concen tra tions: 0.09% v/v
0.5  % v/v
5.0  % v/v
□
Plate 4.2 Treated leaves from wild oat plants showing
n ecro sis  7 days a f t e r  ap p lic a tio n  of drops 
of Agral so lu tio n s  a t  th re e  concen tra tions 
w ith and w ithout ad d itio n  of d ifenzoquat a t
50 g .1 ' 1 .
a 0 .05 Agral
h 0 . 5  % Agral
c 5 . 0  % Agral
d 0 .05 Agral + difenzoquat
e 0 . 5  # Agral + difenzoquat
f 5 . 0  % Agral + d ifenzoquat.
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w ith Agral a lone, p a r t ic u la r ly  a t  th e  h ig h est co n cen tra tio n , th i s  i s  
always r e s t r i c te d  to  the  a rea  of co n tac t of the  o r ig in a l drop, w h ils t 
in  the  presence of d ifenzoquat n ecro sis  i s  much more sev e re , and 
spreads beyond the  immediate a rea  of c o n tac t,
4 , 3.3 Experiments w ith paraquat on ra d ish
4 ,3 .3 .1 The dose response , A range of doses of paraquat (1 ,6  - 25.5 
p g  a , i , )  was app lied  to  rad ish es  w ith two f u l ly  expanded f o l i a r  leaves 
having a mean dry weight per p la n t of 0,14 g. These doses were app lied  
as 4-64 drops of 300 pm diam eter of a so lu tio n  con tain ing  28 g . l   ̂
paraquat and 0,1% v /v  Agral, the drops being evenly d ispersed  over the  
f i r s t  p a i r  of f o l i a r  leav es . The experiment comprised te n  re p l ic a te s  
and included u n trea ted  co n tro l p la n ts . Fresh and dry  weights of fo lia g e  
were determ ined 12 days a f t e r  trea tm en t.
The r e s u l t s  (Figure 4,20) showed a s ig n if ic a n t  dose response 
w ith both f re s h  and dry w eight, as w ell as w ith the r a t io  of fre sh  
weight to  dry w eight. This r a t io  i s  o ften  used as a method of a sse ss ­
ment of the e f fe c t  of h e rb ic id es  which have a d esiccan t a c tio n  (as does 
paraquat) s ince i t  i s  a r e la t iv e  measure of p la n t w ater co n ten t. However 
in  th is  experiment f re s h  weight ; dry weight appeared to  be le s s  u sefu l 
as an assessm ent c r i te r io n  than f re s h  weight or dry weight alone, except 
a t  the h igher doses. This i s  because of the narrow dose range over 
which th e  response changed from l i t t l e  to  alm ost complete e f fe c t .  With 
a l l  th re e  c r i t e r i a  th e  maximum response appeared to  occur a t  around
6 .4  pg p e r p la n t .  With th is  dose th re e  p la n ts  d ied  out of the  ten  
r e p l ic a te s .  Below 6 ,4  pg a l l  p la n ts  survived w h ils t a t  12,? and 25.5 
pg s ix  and ten  p la n ts  died re sp e c tiv e ly . I t  was concluded th a t  the 
dose range f o r  subsequent experim ents should be around or ju s t  below
6 .4  pig p e r p la n t.
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F igure 4.20: The response o f ra d ish  (2 f o l i a r  leav es) to  paraquat a t  a
range of doses using  th re e  c r i t e r i a  of assessm ent.
Assessment c r i t e r i a : Fresh weight
Dry weight
Fresh w eigh t/ 
dry weight
—yo—
4 ,3 «3*2 The e f fe c t  of paraquat co n c en tra tio n . Two experiments were 
conducted here . In  th e  f i r s t  experiment two concen tra tions of 14 and 
112 g . l   ̂ paraquat c a tio n  were app lied  as th re e  doses of 3*2, 6 .4  and 
12.7 per p lan t to  rad ish es  w ith 3-4 f o l i a r  leav es , the trea tm en ts 
being app lied  to  the f i r s t  p a ir  of f o l i a r  le av es . The drop s iz e  used
was 300 pm  and th e re  were 16 r e p l ic a te s .  F resh  weight and dry weight
were assessed  a f t e r  15 days.
The r e s u l t s  showed a h igh ly  s ig n if ic a n t  dose response fo r  
f re s h  weight, dry weight and f re s h  weight : dry weight ( p ^ 0.001 in  
each case) but w h ils t the  e f fe c t  of paraquat concen tra tion  was s ig n ­
i f i c a n t  f o r  a l l  th ree  c r i t e r i a  th a t  fo r  f re sh  weight was of h ig h est 
s ig n if ic an ce  (pC O.OOl), follow ed by dry weight (p = O.Ol) and then by 
f re s h  weight : dry weight (p = 0 .0 5 ). Thus f re s h  weight again gave 
th e  most e f fe c tiv e  assessm ent. I t  must be s tre s se d  th a t  p la n ts  were 
watered about 1 hour before assessm ent so as to  ensure f u l l  p lan t
tu rg o r, and th i s  would appear to  be e s s e n tia l  f o r  th i s  type of exper­
iment w ith f re s h  weight assessm ent.
The r e s u l t s  of the f re s h  weight assessm ent a re  shown in  Figure 
4 .21 , and in d ic a te  th a t  the more concentrated  so lu tio n  (112 g . l  ^) was 
more e f fe c tiv e  than  the  more d i lu te  so lu tio n  (14 g . l  ^ ). C hloro tic  
symptoms appeared on the  young, u n trea ted  p la n t p a r ts  a f t e r  about 3 
days and ev en tua lly  th ese  p a r ts  became n e c ro tic  on the most severe ly  
a f fe c te d  p la n ts .  I t  was apparent both from th ese  observations and from 
the f re sh  weight assessm ent th a t  paraquat movement to  the younger p a r ts  
was g re a te r  w ith the more concentrated  so lu tio n .
A second experiment compared in term ed ia te  concen tra tions of 56 
and 28 g . l  w ith the  lower concen tra tion  of the f i r s t  experim ent,
14 g . l  ^ . The rad ish es  in  th i s  experiment had 2-2% f o l i a r  leaves and
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The response o f ra d ish  ( 3 ^ - 4  f o l i a r  le a v e s)  to  paraquat a t  th re e  
doses and two co n cen tra tio n s, u sing  300 ^ra d rops.
-1C oncentrations: l4  g l
112 g r"
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doses app lied  were again  3 .2 , 6 .4  and 12.7 pg placed on the f i r s t  p a ir  
of f o l i a r  leaves as 300 pm drops. There were f i f t e e n  r e p l ic a te s  and 
f re s h  and dry weights were determ ined 11 days a f t e r  trea tm en t.
In  th i s  experiment th e re  were no s ig n if ic a n t  d iffe ren ce s  
between the  b io lo g ic a l response to  the co n cen tra tions used, d esp ite  
h igh ly  s ig n if ic a n t  dose responses (p<O.OOl) f o r  both f re s h  and dry 
w eights. F igure 4.22 shows the r e s u l t s  f o r  f re s h  weight, those fo r  
dry weight being alm ost id e n t ic a l .  R esu lts  f o r  f re sh  weight : dry 
weight showed no s ig n if ic a n t  d iffe re n c e s , even f o r  dose response.
The r e s u l t s  f o r  th ese  two experim ents show th a t  in creasin g  
the concen tra tion  of paraquat and applying few er drops causes no lo ss  
in  paraquat e f f e c t ,  indeed the  f i r s t  experiment suggests a p o ssib le  
enhancement a t  co n cen tra tions in  the reg io n  of 112 g . l  I t  i s  
p o ssib le  th a t  the d iffe ren ce  between the two experim ents in  showing 
enhancement was r e la te d  to  the  environmental cond itions a t  the  time 
of treatm ent s ince paraquat movement and e f fe c t  Eire known to  be depend­
ent on environmental fa c to rs ,  p a r t ic u la r ly  l i g h t  (Dodge, 1971)' The 
suggestion  of an enhanced e f fe c t  of paraquat a t  h igher concen tra tion  i s  
apparen tly  co n trad ic to ry  to  the  usual assum ption th a t  th i s  h erb ic id e  
shows lim ite d  movement fo llow ing a p p lic a tio n . Other such h erb ic id es  
are g en era lly  more e f fe c tiv e  when ap p lied  in  a more d ispersed  manner 
over the  ta rg e t  su rface . The r e s u l t s  a lso  c o n tra s t w ith those o b ta in ­
ed in  th i s  study w ith d ifenzoquat on wild o a t. Thus although n ec ro tic  
symptoms appear very ra p id ly  w ith paraquat a t  th e  s i t e  of treatm en t 
th i s  does not seem to  reduce e ffe c tiv e n e ss  in  the same way th a t  such 
dajnage reduces d ifenzoquat performance, p o ssib ly  due to  th e  much more 
rap id  en try  of paraquat.
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The response o f ra d ish  (2 -  2 )  leav es) to  paraquat a t  th ree  
doses and th re e  co n cen tra tio n s, u sing  300 d rops.
C oncentrations: l4  g l  ̂ ..........*
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4.3*3-3 The e f fe c t  of drop s i z e . In  two s im ila r  experim ents th ree  
drop s iz e s  (200, 318, 400 pm) were app lied  in  ap p ro p ria te  numbers to  
g ive 3 *75» 7*5 and I 5 .O pg of paraquat ca tio n  p er p la n t using a con­
c e n tra tio n  of 28 g . l   ̂ of paraquat. In  both experim ents the rad ish  
p la n ts  had 2 f u l ly  expanded f o l i a r  leaves to  which th e  drops were 
evenly app lied . Assessment of f re s h  weight was made 16 days a f t e r  
treatm ent w ith the f i r s t  experiment and both f re sh  and dry weight were 
assessed  a f t e r  13 days in  the second experim ent.
The r e s u l t s  f o r  the f i r s t  experiment showed a shallow , though 
s ig n if ic a n t  (p = O.O5) dose response (Figure 4 .2 3 ). There was no 
s ig n if ic a n t  d iffe ren ce  between drop s iz e s . The r e s u l t s  of the f re sh  
weight assessment in  experiment 2 were id e n t i f ic a l  to  those f o r  dry 
weight, and are p resen ted  in  Figure 4 .24 . Dose response was h ighly  
s ig n if ic a n t  in  th is  experiment (p<O.OOl) but again  th e re  were no 
d iffe ren ces  between drop s iz e s . These r e s u l t s  are not s u b s ta n tia l ly  
d if f e re n t  from those of Douglas ( I 968) who, using the  more d i lu te  
so lu tio n s  of 0.9  -  7.5  g . l   ̂ paraquat ca tio n , found th a t  an increase  
in  drop s iz e  from 250 pm to  450 pm a c tu a lly  caused a s l ig h t  increase  
in  a c t iv i ty  on broad bean, although above about 5OO pm a c t iv i ty  
decreased w ith fu r th e r  in c reases  in  drop s iz e . Euchring e t  a l , ( I 969) 
a lso  found the optimum drop s iz e  f o r  paraquat to  be around 473 A™ on 
Cotton. McKinlay e t  a l , (1974) found 100 pm drops to  be more e f f e c t ­
ive than 350 piR using sunflow er as the  t e s t  sp ec ies  and paraquat con­
c e n tra tio n s  of 1.6 -  25.5  g . l  However these  were sprayed 
experiments and as such w ill  a lso  be in fluenced  by d iffe ren c e s  in  
r e te n tio n  and p o s itio n  of the  re ta in e d  spray on the p la n t.  These 
fa c to rs  in  tu rn  are in fluenced  by form ulation , p a r t ic u la r ly  s u rfa c ta n t 
c o n cen tra tio n .
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Figure 4.23* The response of ra d ish  (2 f o l i a r  leav es) to  paraquat a t  
th ree  doses and th ree  drop s iz e s ,  u sing  a  con cen tra tio n  
of 28 g l“  ̂ ( F ir s t  experim ent)
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Figure 4.24: The response o f ra d ish  (2 f o l i a r  leaves) to  paraquat a t  
th re e  ^oses and th re e  drop s iz e s ,  using a concen tra tion  of 
28 g l  (Second experim ent)
Drop s iz e s :  200 . . . . . . .
518 ^m — — —I
400 — ■ 'w
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4.3*3*4 The e f fe c t  of p o s itio n  of d e p o s it . Three experim ents were 
conducted to  study th e  e f fe c ts  of varying the  p o s itio n  of d ep o sit on 
paraquat performance.
A f i r s t  experiment compared trea tm en t of the  cotyledons w ith 
trea tm en t of the  f i r s t  p a ir  of f o l i a r  leav es  and treatm ent of both 
cotyledons and f o l i a r  leav es , using p la n ts  w ith 2-2% leav es . A s o lu t­
ion of 28 g . l   ̂ paraquat ca tio n  was used to  apply 6 .4 , 12.7 and 25.5 
jug as 300 pm drops. Fresh and dry weight were determined a f t e r  13 days.
The r e s u l t s  f o r  f re s h  weight (Figure 4.25) and dry weight were 
s im ila r , showing a h igh ly  s ig n if ic a n t  dose response (p*<0.00l) but no 
s ig n if ic a n t  p o s itio n a l d iffe re n c e s . However, th e re  was a c o n s is te n tly  
g re a te r  reduction  in  both f re s h  and dry weights w ith  treatm ent of the 
cotyledons compared w ith the f o l i a r  le av es , and in  th i s  experiment 
c a lc u la tio n  of f re s h  weight : dry weight r a t io  showed th is  e f f e c t  of 
p o s itio n  to  be s ig n if ic a n t  (Figure 4 .2 6 ). This again  shows th a t  the  
b e s t method of assessm ent may vary between experim ents and s in ce  a high 
general dose response was recorded here the  r a t io  of f re sh  to  dry  weight 
was the  most u sefu l c r i te r io n .
The observation  here th a t  trea tm en t of th e  cotyledons was 
more e f fe c tiv e  than trea tm en t of the  f o l i a r  le av es , w ith a s p l i t  
ap p lic a tio n  to  both coming somewhere between, i s  co n tra ry  to  the  r e s u l t  
obtained with MCPA in  an otherw ise s im ila r  experim ent (S ection  4 . 3 * 4 ) .  
This may be in d ic a tiv e  of d iffe re n c e s  in  the  en try  and movement of th e  
two h e rb ic id es . MCPA i s  known to  be w ell tra n s lo c a te d  and may w ell 
fo llow  the  a s s im ila te  tra n s lo c a tio n  system out of th e  leaves (G rafts  
and C risp , 1971), w h ils t paraquat i s  thought to  move predom inantly in  
the  ap o p las t, fo llow ing the movement of w ater, and thus may b e n e f it  
from placement lower down the p la n t, s ince  the t ra n s p ira t io n  stream
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Figure 4.25% The response o f ra d ish  (2 -  2 )  f o l i a r  leav es) to  paraquat a t  
th re e  doses using  a concen tra tion  of 28 g l”  ̂ and 300 pn drops, 
ap p lied  to  th re e  p o s itio n s : f re sh  w eight assessm ent.
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F igure 4 .26: The response o f ra d ish  (2 -  2^ f o l ia r  leav es) to  paraquat a t  
th ree  doses using  a concen tra tion  of 28 gl"1 and 300 pn drops, 
ap p lied  to  th re e  p o s it io n s ;  f re sh  w eight/dry  weight 
assessm ent.





w ill tend to  a id  movement towards the f o l i a r  le a v e s . I t  i s  a lso  
n o ticeab le  th a t  the su rfaces  of the cotyledons and f o l i a r  leav es  d i f f e r  
considerab ly , and i t  i s  a lso  probable th a t  the  mechanism of e n try  d i f f e r s  
between these  chem ically d i f f e r e n t  h e rb ic id e s . In  ad d itio n  th e  pen­
e tr a t io n  of paraquat (Hunyadi, 1973) appears to  occur much more 
ra p id ly  than th a t  of MCPA (Kirkwood e t  a l . 1972), h ig h lig h tin g  d i f f e r ­
ences between these  compounds.
A second experiment was conducted using p la n ts  w ith two f u l ly  
expanded f o l i a r  le av es . Using the same co n cen tra tio n  of paraquat as in  
the previous experim ent, a  dose of 15 pg as  s ix te e n  400 pm drops, ap p lied  
to  the  second p a ir  of f o l i a r  le av es , was compared w ith th ree  doses of 
3 .8 , 7.5  and I 5 .O pg ap p lied  to  the  f i r s t  p a i r  of f o l i a r  le av es , a lso  
as 400 pm drops. At the  time of trea tm en t the second p a ir  of f o l i a r  
leaves were ju s t  emerging, and presen ted  a l e a f  a rea  estim ated  as about 
one e igh th  th a t  of the f i r s t  p a ir .
A f re s h  weight assessm ent a f t e r  13 days showed th a t  trea tm en t 
of these  young leav es  was much le s s  e f fe c tiv e  than treatm ent of the  
mature leaves (F igure 4 .2 7 ). As w ith the  r e s u l t s  of the previous 
experiment th i s  could be asso c ia ted  w ith the  re la t io n s h ip  of th e  s i t e  
of treatm ent to  the a c c e s s ib i l i ty  of the pathways of w ater movement in  
the p la n t.
In  the th i rd  experim ent on p o s itio n  of d e p o s it paraquat (28 
g . l  ^) was app lied  as 3 .2 , 6 .4  and 12.7 pg using 300 pm drops to  e i th e r  
the midvein or the  reg ions of lam ina between major veins on the f o l i a r  
leaves of p la n ts  w ith 2 f u l ly  expanded f o l i a r  le a v e s . Fresh weight and 
dry weight were assessed  a f t e r  14 days.







Figure 4.2?: The response of radish (2 leaves) to paraquat applied 
to two positions.
15 pg paraquat, applied to young leaves
3 .8 pg paraquat, applied to expanded leaves
7-5 pg paraquat, applied to expanded leaves
15 pg paraquat, applied to expanded leaves
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(p = 0 . 05) and h igh ly  s ig n if ic a n t  d iffe re n c e s  between p o s itio n s  
( p c O .001 f o r  f re s h  and p = 0.01 f o r  dry w eight). The r e s u l t s  f o r  f re sh  
weight (Figure 4 .28) showed th a t  trea tm en t of the midvein was a t  a l l  
doses more e f fe c tiv e  than trea tm en t of the  lamina between v e in s. This 
i s  c o n s is ten t w ith the idea  th a t  paraquat movement and e f fe c t  r e l i e s  on 
access to  the w ater movement pathways, which occur abundantly in  the 
v e in s. A s im ila r  r e s u l t  occurred w ith MCPA (See S ection  4 .3 .1 .4 )  but 
as p rev iously  s ta te d  the  midvein i s  more re a d ily  w etted than the r e s t  
of the  lam ina, so access to  w ater movement pathways may not be the  only 
f a c to r  involved.
4 .3 .3 *5 The e f fe c t  of su rfa c ta n t  co n cen tra tio n . P la n ts  w ith  2-3 f o l i a r  
leav es  were tre a te d  using 28 g . l   ̂ paraquat so lu tio n  con tain ing  0.01,
0.1 o r 1.0% v /v  Agral s u r fa c ta n t .  Doses of 6 .4 , 12.7 and 25.5 pg were 
app lied  as 300 pm drops to  the f i r s t  p a ir  of f o l i a r  leav es . Fresh 
weight was assessed  a f t e r  12 days.
The r e s u l t s  (F igure 4 .29) show a h ighly  s ig n if ic a n t  dose response 
(p^O.OOl) but no s ig n if ic a n t  d iffe ren ce s  between su rfa c ta n t  co n cen tra t­
io n s. There i s  l i t t l e  p rev ious published d a ta  on the  e f fe c ts  of s u r ­
f a c ta n t  concen tra tion  on paraquat a c t iv i ty ,  although Smith, Foy and 
Bayer ( I 986) found th a t  paraquat e f fe c ts  on com  in creased  with s u r ­
f a c ta n t  concen tra tions in  the  range 1-100 g . l  However th e i r  exper­
iments were sprayed and the  e f fe c ts  of varying s u rfa c ta n t concen tra tion  
on re te n tio n  of spray by th e  fo lia g e  cannot be d iscounted . Bland and 
Brian (1975) concluded th a t  paraquat movement could be a ffe c te d  by 
concen tra tions of s u rfa c ta n ts  in  the range 0.1 -  0.5% co n cen tra tion  but 
no such e f fe c t  was seen in  these  experim ents.
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Figure 4.28: The response o f rad ish  (2 f o l i a r  leav es) to  paraquat a t  
th re e  doses using  a concen tra tion  of 28 g l"^ and 500 pm 
drops, ap p lied  to  two p o s it io n s .
P o s itio n s : Midvein ■
Lamina between ve ins
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Figure 4.29: The response of rad ish  ( 2 - 3  f o l i a r  leav es) to  paraquat 
a t  th re e  doses and a co n cen tra tio n  o f 28 g l"  using  th ree  
concen tra tio n s  of 'Agral* s u r f a c ta n t .
'A gral ' concen tra tio n s  0.01 % v /v
0.1 % v /v  — ——
1.0 % v /v  ■ ■ ■■ ■■
—76  —
4.3.4 Experiments with paraquat on wild oat
4 .3 .4 .1 The e f fe c t  of co n ce n tra tio n . The dose response fo r  paraquat
on wild oat was determ ined approxim ately in  a p relim inary  experiment 
of in s u f f ic ie n t  r e p l ic a t io n  f o r  a n a ly s is . A subsequent experiment 
in v e s tig a te d  the e f f e c ts  of paraquat concen tra tion . P lan ts  w ith 3 ' 3 i  
leaves were tre a te d  using  3OO pm drops a t  dose le v e ls  of 0 .4 , 0 .8  and
1.6 pg. Four co n cen tra tio n s  were used, namely 3.5» 7 .0 , 14.0 and 28,0
g . l   ̂ of paraquat, w ith Agral concen tra tion  m aintained a t  0.1^ v/v 
throughout; There were te n  r e p l ic a te s .  The treatm ents were app lied  
to  the second le a f  20-40 mm from the l ig u le  and f re sh  weight was d e te r ­
mined a f t e r  18 days.
The le v e l of response was unexpectedly high (F ig . 4 ,30) and 
t h i s  may have reduced chances of d e tec tin g  treatm ent d iffe re n c e s , 
although the  dose response was h igh ly  s ig n if ic a n t  (p^cO.OOl). The 
c le a re s t  d iffe re n c e s  might have been expected a t  the low est dose but no 
c le a r  tre n d  or s ig n if ic a n t  e f fe c t  of concen tra tion  was apparen t. The 
most s tr ik in g  fe a tu re  was indeed the  close agreement between the  h igh­
e s t  and low est co n cen tra tio n s, th ese  being an e ig h tfo ld  d iffe re n c e  in  
concen tra tion  and drop number. This i s  g en era lly  s im ila r  to  the  f in d ­
ings w ith ra d ish  given in  S ection  4 .3 .3 .2 . As with paraquat on ra d ish  
the  observed e f fe c t  of th e  trea tm en ts suggests considerable movement of 
the h erb ic id e  to  n o n -trea ted  p a r ts ,  or a t  l e a s t  movement of a  to x ic  
amount of h e rb ic id e . Perhaps more su rp r is in g ly , these  r e s u l t s  a re  
unlike those obtained w ith d ifenzoquat on wild oat (S ection  4 .3 .2 .2 )  
where a c t iv i ty  decreased w ith in c reasin g  co n cen tra tion . I t  was observed 
th a t  paraquat tre a te d  leav es  began to  w ilt  very ra p id ly  a f t e r  trea tm en t 
(w ith in  1-2 hours) suggesting  th a t  paraquat may d isp e rse  lo c a l ly  
(around the s i t e  of trea tm en t) more ra p id ly  than d ifenzoquat and perhaps
50
% o f 
co n tro l 
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The response o f w ild oat (5 -  5 ) leav es) to  paraquat a t  
th re e  doses and four co n cen tra tio n s, using  500 pm drops
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thereby  avoiding becoming is o la te d  in  dead or dying t is s u e  as appears 
to  be the  case w ith d ifenzoquat,
4 .3 •4.2 The e f fe c t  of drop s iz e . P lan ts  w ith th re e  leaves were t r e a t ­
ed on the  second le a f  20-40 mm from the l ig u le .  Paraquat so lu tio n  con­
ta in in g  28 g . l   ̂ was used to  apply th ree  doses of 0.94, 1.88 and 3*75 
pg as th re e  drop s iz e s  of 200, 318 and 400 pm diam eter. E ight r e p l ic a te s  
were t re a te d  in  th i s  experim ent and f re s h  weight was assessed  a f t e r  19 
days.
The r e s u l t s  a re  presen ted  in  F igure 4.31 and show no s ig n i­
f ic a n t  e f fe c t  of drop s iz e ,  d esp ite  a h igh ly  s ig n if ic a n t  dose response
(p = 0 . 01) . This r e s u l t  i s  in  agreement w ith those using rad ish  
(Section 4 .3 «3«3) and a lso  w ith a lab o ra to ry  experiment using wild oats  
sprayed in  a cab inet a t  drop s iz e s  between I50 and 350 w ith a con­
t ro l le d  drop s iz e  sp ray er (M e rritt  and Taylor, 1978, unpublished work).
4 .3 .4 .3  The e f fe c t  of p o s itio n  of d e p o s it . Two experim ents were 
conducted to  in v e s tig a te  the d iffe ren ce  in  s e n s i t iv i ty  between the 
leav es  of d if f e r e n t  age on th re e - le a f  w ild o a ts . The experiments 
d if fe re d  in  th a t  glasshouse-grown p la n ts  were used in  the  f i r s t  and ou t­
door grown p la n ts  in  the  second. In  both experiments doses of 0 .4 ,
0.8 and 1.6 pg were ap p lied  as 1, 2 or 4 drops of paraquat so lu tio n  
con tain ing  28 g . l   ̂ c a tio n  and 0.1% v /v  Agral. The doses were app lied  
to  the  le a f  lam ina 20-40 mm from the l ig u le  on leaves 1, 2 and 3» There 
were s ix  r e p l ic a te s  in  the f i r s t  experiment and ten  in  the second; f re sh  
weight was determined a f t e r  18 and 12 days re sp e c tiv e ly .
The r e s u l t s  are  p resen ted  in  F igure 4.32 ( f i r s t  experiment)
and 4.33  (second experim ent). In  both experim ents th e re  was a h igh ly
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Figure 4.̂ 1: The response o f w ild oat (3 leav es) to  paraquat a t  th ree  
doses and th re e  drop s iz e s  using  a co n cen tra tio n  of 
28 gl-1
Drop s iz e s :  200  *
3 1 8  pm — — —
400 pm I ■
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Figure 4.32: The response o f w ild oat (3 leav es) to  paraquat a t  th ree  
doses u sin g  a co n cen tra tion  o f 28 g l-^  and 300 pm drops, 
ap p lied  to  th re e  p o s itio n s  ( F i r s t  experim ent)
P o s itio n s : Leaf 1 ........ .
Leaf 2 — — —
Leaf 3  .......
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Figure 4.35: The response of w ild oat (3 leav es) to  paraquat a t  th ree  
doses u sing  a  con cen tra tio n  of 28 g l-^  and 300 drops, 
ap p lied  to  th re e  p o s itio n s  (Second experim ent)
P o s itio n s : Leaf 1 ...........
Leaf 2 — —« —
Leaf 3.... ....... .
— 78-
s ig n lf ic a n t  e f f e c t  of both  dose (p = 0.01 in  experiment 1 and pCTO.OOl 
in  experiment 2) and p o s itio n  of d ep o s it (p*^0.001 in  both experim ents). 
Also in  both experim ents the l e a s t  e f fe c tiv e  p o s itio n  a t  a l l  doses was 
th a t  of le a f  1. There i s  a d iscrepancy in  the  r e la t iv e  e f fe c tiv e n e ss  
of leaves 2 and 3 in  th a t  l e a f  3 was the most e f fe c tiv e  p o s itio n  in  the 
f i r s t  experiment and le a f  2 in  the  second. However the general con-
: '7
e lu sio n  th a t  e f fe c tiv e n e ss  as s i t e  of trea tm en t i s  reduced on o ld e r 
leaves agrees w ell w ith the work using d ifenzoquat (Section  4 .3*2 .4) 
and w ith the work of Goupland, Taylor and Gaseley (1978), who suggest 
th a t  the observed d iffe re n c e s  may be due to  the  m etabolic co n d itio n  of 
the l e a f ,  in  p a r t ic u la r  whether the tra n s lo c a tio n  of a s s im ila te s  i s  
occurring  in to  or ou t of the  l e a f  and the  degree of senescence. 
O bservations on h erb ic id e  symptoms in  th ese  experim ents would seem to  
add support to  th i s  suggestion ; i t  was apparent th a t  ch lo ro s is  and 
subsequently  n ecro sis  appeared in  the young leaves which emerged a f t e r  
trea tm en t, and th a t  th ese  symptoms were more severe when younger leaves 
were tre a te d .
4 .3 -5  Experiments w ith glyphosate on ra d ish
4.3•5*1 The dose response . A range of doses of glyphosate (4 .1  -  65.4  
p g  a . e . )  was ap p lied  to  ra d ish e s  w ith two f u l ly  expanded f o l i a r  leav es  
and a mean dry  weight of 0.14 g p er p la n t .  The doses were ap p lied  as 
4-64 drops of 300 pm diam eter of a so lu tio n  con ta in ing  72 g . l  
glyphosate ac id  eq u iva len t and 0 , 1 %  v /v  'A g ra l '.  Drops were spread 
evenly over the  f o l i a r  le a v e s . Ten r e p l ic a te s  were tre a te d  and f re s h  
and dry weights were assessed  19 days a f t e r  trea tm en t.
A s ig n if ic a n t  dose response (See F igure 4 .34) was recorded 
f o r  f re sh  weight, dry weight and f re s h  weight : dry weight r a t io
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F igure 4 .^4 : The response o f ra d ish  (2 leav es) to  a rsuige o f doses of
g lyphosate , ap p lied  as 300 drops using  a concen tra tion  





0,001 f o r  a l l  th re e  an a ly ses). The rad ish es  showed ty p ic a l symptoms 
of glyphosate treatm ent w ith no v is ib le  e f fe c ts  f o r  the f i r s t  few days 
follow ed by slow ly developed ch lo ro s is  w ith some red  pigm entation 
developing. No marked e f f e c ts  were apparent a t  the s i t e  of drops.
No p la n ts  were k i l le d  a t  the  low est two doses, w h ils t two out of ten  
p la n ts  were k i l le d  by 8 ,2  pg r is in g  to  e ig h t p la n ts  k i l le d  by 65 .4  pg. 
Thus the optimum dose f o r  subsequent experim entation appeared to  be 
about 6 ,2  pg and ju s t  below th a t .  Comparing the  r e la t iv e  e f f e c ts  i t  
would seem th a t  f re sh  weight would be most usefu l a t  the low er doses 
since  th is  showed the g re a te s t  red u c tio n  r e la t iv e  to  the u n trea ted  
p la n ts ,
4 ,3 .5 .2  The e f fe c t  of co n cen tra tio n . The e f fe c t  of glyphosate con­
c e n tra tio n  was s tu d ied  on p la n ts  w ith two f o l i a r  leaves and a mean f re s h  
weight of 1,98 grams. Three doses of 2 ,05, 4,09 and 8,18 pg were 
app lied  using th re e  co n cen tra tions of 36 , 72 and 144 g , l   ̂ a ,e .  
Treatm ents comprised 300 pm drops app lied  evenly over the  f i r s t  p a ir  
of f o l i a r  leav es , and 15 r e p l ic a te s  were used. Fresh and dry weights 
were determ ined I5 days a f t e r  trea tm en t.
Dose responses f o r  f re s h  and dry weight were both s ig n if ic a n t  
(p<C0,00l) but w ith f re s h  weight : dry weight r a t io  th e re  was no 
s ig n if ic a n t  d iffe ren ce  between tre a te d  p la n ts  and un trea ted  c o n tro ls . 
With both f re s h  and dry weight assessm ents th ere  was a s ig n if ic a n t  
e f fe c t  of concen tra tion  (p<C0,001 in  both cases) although the r e s u l t s  
d if fe re d  s l ig h t ly ;  w ith f re s h  weight a l l  th re e  concen tra tions were 
s ig n if ic a n t ly  d if f e r e n t ,  w ith the most d i lu te  so lu tio n  being the  l e a s t  
e f fe c tiv e  and the most concentrated  so lu tio n  the most e f fe c tiv e  
(Figure 4 .3 5 ), w h ils t w ith the dry  weight assessm ent the  two more 
concen trated  so lu tio n s  gave id e n tic a l  r e s u l t s ,  the  most d i lu te  so lu tio n
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Figure 4,35•
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The response o f ra d ish  (2 leav es) to  g lyphosate a t  th re e  
doses and th ree  concen tra tio n s  using 300 pm drops.
C oncentrations: 36 g l”  ̂ . . . .  ..
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s t i l l  being in f e r io r  to  these  (Figure 4 .36) . The r e s u l ts  as a whole 
show th a t  glyphosate i s  more e f fe c tiv e  on ra d ish  when app lied  as fewer 
drops of a more concentrated  so lu tio n . This would suggest th a t  improve­
ments in  glyphosate e ffe c tiv e n e ss  th a t  have been rep o rted  when app lied  
a t  low volume r a te s  (Turner and Loader, 1978) may be la rg e ly  due to  
t h i s  concen tra tion  e f f e c t .  I t  i s  not possib le  here to  id e n tify  the 
cause of t h i s  e f f e c t ,  bu t i t  may be th a t  a g re a te r  concen tra tion  grad­
ie n t  a t  the  s i t e  of each drop in c reases  the r a te  of en try  and d isp e rs ­
ion of the h e rb ic id e . I t  i s  a lso  p o ssib le  th a t  confinement of 
glyphosate to  d is c re te  p o in ts  on the le a f  r e s u l t  in  the rem ainder of 
the  le a f  m aintaining a r e la t iv e ly  h ea lth y  cond ition . C learly  th i s  
would be advantageous fo r  the movement of glyphosate i f  th i s  process 
depends on the e f f i c ie n t  fu n c tio n in g  of the phloem system and an abun­
dant supply and export of a s s im ila te s . A no tab le  fe a tu re  of glyphosate 
symptoms on p la n ts  tre a te d  a t  very low volume r a te s  i s  the lack  of a 
lo c a l  n ec ro tic  e f f e c t  which i s  observed with many o ther h e rb ic id es , 
and in  general symptoms a re  very slow to  appear w ith th i s  h e rb ic id e . 
Thus th ere  i s  l i t t l e  lik e lih o o d  th a t  lo c a l d is ru p tio n  of t is s u e  occurs 
to  cause in h ib it io n  of movement away from the tre a te d  reg ion , as was 
suggested f o r  d ifenzoquat on wild oa t (S ection  4 .3 .2 .2 ) .
4 .3  •5*3 The e f f e c t  o f drop s i z e . A s o lu t io n  co n ta in in g  72 g . l   ̂
g lyp h osa te  was a p p lied  to  ra d ish es  w ith  two f o l i a r  le a v e s  u sin g  200,
3 I8 and 400 pm diam eter drops. Numbers of drops were v aried  to  give 
th ree  doses of 2 .05 , 4 .09 and 8.18 pg p er p la n t f o r  each drop s iz e ; 
and the drops were app lied  to  the f o l i a r  leav es . Fresh weight was 
assessed  I9 days a f t e r  a p p lic a tio n .
There was a h igh ly  s ig n if ic a n t  dose response (pdO.OOl) shown 
w ith a l l  drop s iz e s .  Although th e re  was no o v era ll s ig n if ic a n t  e f fe c t
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Figure 4.36:
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The response of ra d ish  (2 leav es) to  g lyphosate a t  th re e  
doses and th re e  co n cen tra tio n s  using  300 drops.
C oncentrations: 36 gl~^  *
144 " — •
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of drop s iz e  th ere  was a s ig n if ic a n t  in te ra c tio n  between drop s iz e  and 
dose (p = 0 , 05) . This was due to  the la rg e s t  drop s iz e  (400 pm) which 
was more e f fe c tiv e  than the o ther drop s iz e s  a t  the middle and h igher 
dose but le s s  e f fe c tiv e  a t  the lower dose (See Figure 4 .3 7 ). The 
exp lanation  fo r  th i s  e f f e c t  was no t c le a r  from the av a ila b le  inform ation, 
and i t  i s  te n ta t iv e ly  concluded th a t  th e re  i s  l i t t l e  e f fe c t  of drop s iz e  
in  the range 200-400 um on glyphosate performance on ra d ish .
4 .3 .5 .4  The e f fe c t  of p o s itio n  of de-posit. Radish p la n ts  with two 
f o l i a r  leaves were tre a te d  with th ree  doses of 4 .09 , 8.18 and l6 .4  pg 
glyphosate, using a so lu tio n  con ta in ing  72 g . l   ̂ and drops of 3OO pm 
diam eter. The trea tm en ts  were app lied  to  the cotyledons, the f o l i a r  
leaves along the midvein, or to  the a reas of the f o l i a r  le a f  laminae 
between v e in s. Fresh weight was assessed  19 days a f t e r  ap p lic a tio n .
The r e s u l t s  showed a h igh ly  s ig n if ic a n t  dose response 
(p = 0 . 001) as shown in  F igure 4 .38 . There was a lso  a h igh ly  s ig n i­
f ic a n t  e f fe c t  of p o s itio n  (p < 0 .0 0 l)  and a s ig n if ic a n t  in te ra c t io n  of 
dose and p o s itio n  (p = O.Ol). The in te ra c tio n  was due to  treatm ent 
d iffe ren ces  being l o s t  a t  the  lower dose where f re s h  weights of a l l  
trea tm en ts  approached th a t  of the un trea ted  c o n tro l. At the  h igher 
two doses in te re s t in g  d iffe re n c e s  occurred between trea tm en ts . T rea t­
ment to  the midvein of the f o l i a r  leaves was about as e f fe c tiv e  as 
treatm ent to  the cotyledons. However, treatm ent to  the f o l i a r  le a f  
laminae between veins was more e f fe c tiv e  than both the  o th e r p o s itio n s . 
These r e s u l t s  c o n tra s t w ith those obtained with both MGPA (Section  
4 . 3 .1 .4 ) and paraquat (S ection  4 .3 .3 .4 )  since w ith these o th er herb­
ic id e s  the m idrib was a more e f fe c tiv e  s i t e  of a p p lic a tio n  than the 
le a f  lam ina. I t  i s  d i f f i c u l t  to  see where the  d iffe ren ce  l i e s  bu t i t
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The response  o f ra d is h  (2 le a v e s )  to  g ly p hosate  a t  th re e  
doses and th re e  drop s iz e s  u s in g  a  c o n c e n tra tio n  o f  72 g l  a .e .
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Figure 4.38: The resp o n se  o f  r a d is h  (2 le a v e s )  to  g ly p h o sa te  a p p lie d  a t  
th re e  doses to  th re e  p o s i t io n s .
P o s i t io n s :  F o l i a r  l e a f  lam inae ..........
F o l i a r  l e a f  v e in s  — —- p
C otyledons ■
“ 82“
i s  po ssib le  th a t  glyphosate r e l i e s  more on a p p lic a tio n  to  reg ions of 
phloem -loading or th a t  the  su rface  la y e rs  of the  m idrib are  le s s  
permeable to  glyphosate than the  le a f  lam ina even though the rev e rse  
may be tru e  w ith MGPA and paraquat.
4 .3.6  Experiments w ith glyphosate on w ild oat
4 . 3 .6 .1  The dose re sp o n se . In  a p relim in ary  experim ent th r e e “le a f  
w ild  o a ts  were tr e a te d  u sin g  a s o lu t io n  co n ta in in g  72 g . l   ̂ g lyp h osate  
w ith  d oses in  th e range 2 .O5 “ 3 2 .7  Pë  3.8 2 “32 drops o f 300 ^  d iam eter . 
A ll the tr e a te d  p la n ts  were k i l l e d  a t  th e se  d oses so  a second e x p e r i“ 
ment was conducted; because a s u ita b le  range o f low er numbers o f drops 
cou ld  n o t be a p p lied  a l e s s  con cen trated  s o lu t io n  was used ( 9 .O g . l  ^ ). 
D oses o f  0 .13  “ 2,05  PE were a p p lied  to  th e  second l e a f  o f w ild  oa ts  
w ith  th ree  le a v e s  and a mean fr e s h  w eight o f  0 .3 7  grams. The t r e a t “ 
ments com prised I “l6  drops o f 3 OO ^  d iam eter. Fresh w eight was a s s e s s “ 
ed a f t e r  19 days.
As w ith  ra d ish  th ere  were no v i s i b l e  symptoms o f g lyp h osa te  \  
f o r  about one week. New growth which su b seq u en tly  developed was 
c h io r o t ic  and a t  the low er d oses th ere  was some p r o li f e r a t io n  o f  
stu n ted  and c h io r o t ic  t i l l e r s .  The r e s u l t s  (F igure 4 .3 9 )  showed a 
h ig h ly  s ig n i f ic a n t  dose response (p = O.Ol). Although i t  i s  n ot obvious  
from Figure 4 .3 9 , th e  h ig h e s t  dose rep resen ted  about th e  maximum p o s s ib le  
e f f e c t  s in c e  most p la n ts  d ied  a t  t h i s  d ose .
4 . 3 . 6 . 2  The e f f e c t  o f c o n c e n tr a tio n . Two experim ents were conducted
on the  e f f e c t  of concen tra tion  of glyphosate on wild o a t. In  the  f i r s t  
experim ent drops of 300 pm were used, and in  o rder to  apply what was 
thought to  be the  r ig h t  dose range from the  experiment described  in
100
% o f 
c o n tro l  
f re s h  
w eight
0 .5 1 . 0
Figure 4.59=
Dose ( lo g  (;ig x 10))
The response  o f w ild  o a t ( th re e  le a v e s )  to  a  range o f doses 
o f g ly p h o sa te , a p p lie d  a s  500 drops u s in g  a  c o n c e n tra tio n  
o f >9.0 g l ' l  a . e .
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S ection  4 ,1 ,6 ,1  co n cen tra tio n s  of 9i 18 and g , l  were used. Doses 
were 0 ,5 » 1.0  and 2 ,0  y g  app lied  to  le a f  2 of w ild oa ts  w ith 2% leav es  
and a mean f re s h  weight of 0,23 grams. Fresh weight was assessed  a f t e r  
20 days.
The r e s u l t s  of t h i s  experiment (Figure 4,40) showed a h igh ly  
s ig n if ic a n t  dose response (p<C0 , 00l )  hu t no s ig n if ic a n t  e f fe c t  of con­
c e n tra tio n , This r e s u l t  c o n tra s ts  somewhat w ith  th a t  obtained with 
ra d ish  (S ection  4 ,3 .5*2) although a lower range of concen tra tions were 
ap p lied  in  th is  experim ent.
To examine the h ig h er concen tra tions on wild oat a  second 
experiment was conducted using concen tra tions of J 6 ,  72 and 144 g , l  
To ensure th a t  su b -le th a l doses could s t i l l  be examined the drop s iz e  used 
had to  be reduced, and 200 pm drops were used. Doses of 0 ,6 l,  1,21 and
2,41 pg were ap p lied  which s t i l l  only req u ired  1 , 2 and 4 drops a t  the 
most concentrated  so lu tio n . P la n ts  had 3 leaves p lus 2 small t i l l e r s  
and a mean f re s h  weight of 0,36 grams, the  glyphosate trea tm en ts being 
app lied  to  the second le a f .  As w ith the previous experiment f re s h  
weight was assessed  a f t e r  20 days.
The general le v e l of glyphosate e f f e c t  was so high in  th i s  
experiment th a t  no d iffe re n c e s  between concen tra tions a t  the h ig h est 
two doses were shown, d esp ite  a h igh ly  s ig n if ic a n t  dose response 
(p -^ 0 , 001) as shown in  F igure 4 ,41 , However a t  the low est dose the 
l e a s t  concentrated  so lu tio n  was le s s  e f fe c tiv e  than th e  more concen­
tra te d  so lu tio n s . This r e s u l t  was c o rre la te d  w ith the appearance of 
the p la n ts  s ince those w ith the low est concen tra tion  were recovering  
from e a r ly  herb ic ide  symptoms and n o ticeab ly  more hea lthy  than p la n ts  
t re a te d  w ith the h igher co n cen tra tio n s. Thus th e re  i s  a suggestion in  
t h i s  experiment of the  same con cen tra tio n  e f fe c t  seen w ith rad ish  where
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Figure 4.40: The response o f w ild oat (2 j  leav es)  to  g lyphosate a t  th ree  
doses and th re e  co n cen tra tio n s, u s in g  JOO pm  d rops.
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The response o f w ild oat (3 leav es  p lu s  2 t i l h r s )  to  
g lyphosate a t  th re e  doses and th re e  co n cen tra tio n s  using 
200 drops.





h igher concen tra tions a re  more e f fe c t iv e ,  although the e f f e c t  i s  le s s  
c le a r ,  and i t  may he th a t  enhanced glyphosate a c t iv i ty  only occurs a t  
concen tra tions g re a te r  than about 36 g . l
4 .3 -6 .3  The e f fe c t  of p o s itio n  of d e p o s it . P la n ts  w ith th ree  leaves 
and one small t i l l e r  were tre a te d  w ith doses of O.3O, O.6 I ,  1.21 and
2.42 pg as 1, 2, 4 and 8 drops of 3OO ^  diam eter, using a co n cen tra t­
ion of 72 g . l   ̂ of g lyphosate . The trea tm en ts  were ap p lied  to  leaves 
1, 2 or 3, in  each case between 20 and 60 mm from the  l ig u le .  Fresh 
weight was assessed  a f t e r  22 days.
A h igh ly  s ig n if ic a n t  dose response was observed ( p C O . O O l ) 4-'4-2^, 
Although treatm ent to  the  f i r s t  l e a f  tended to  cause le s s  reduction  in  
f re s h  weight a t  th re e  doses than treatm ent to  the o th er leav es , th e re  
were no s ig n if ic a n t  d iffe re n c e s  due to  p o s itio n . This i s  con trary  to  
the r e s u l ts  of s im ila r  experim ents w ith d ifenzoquat and paraquat 
(S ections 4 .3 .2 .4  and 4 .3 .4 .3 )  where the f i r s t  l e a f  was considerably  
le s s  e f fe c tiv e  as a  s i t e  of trea tm en t. This r e s u l t  w ith glyphosate 
suggests th a t  th e re  i s  no major reduction  in  the e f f ic ie n c y  of t ra n s ­
lo c a tio n  from the o ld er le a f  although i t  does not preclude the 
p o s s ib i l i ty  th a t  le a f  1 may be more su sce p tib le  to  lo c a lis e d  damage, 
which may subsequently  in te r f e r e  w ith d ifenzoquat and paraquat move­
ment, s ince  glyphosate does no t apparen tly  cause such damage. These 
r e s u l t s  are  very s im ila r  to  those observed w ith  glyphosate on th re e - 
l e a f  couch p la n ts  (Goupland, Taylor and G aseley ,1978) who suspected 
th a t  th e re  might be some d iffe re n c e  between the tra n s lo c a tio n  system 
of couch and wild oat s ince  sev era l wild oat h erb ic id es  were le s s  
e f fe c tiv e  on o ld er leav es . This experiment would suggest th a t  th e re  
i s  no d iffe ren ce  in  the tra n s lo c a tio n  system s, but th a t  th e  observed 
d iffe re n c e s  between glyphosate and wild oa t h erb ic id es  are connected 
w ith th e  h erb ic id e  mode of a c tio n .
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Figure 4.42: The response of w ild oat (5 leaves p lus 1 t i l l e r )  
to  g lyphosate a t  four doses ap p lied  to  th re e  p o s itio n s




4.4 The uptake and movement of difenzoquat
I t  i s  p o ss ib le  th a t  a  major e f fe c t  of changes in  form of 
d ep o sit might be to  a l t e r  the  r a te  or ex ten t of uptake and movement 
of h e rb ic id e . I t  was suggested in  Section  4.3*2 th a t  th i s  may be the 
cause of d iffe re n c es  between some treatm en ts  w ith d ifenzoquat, possib ly  
due to  the se v e rity  of observed physica l damage a t  the  s i t e  of t r e a t ­
ment. Therefore experim ents were c a rr ie d  out to  study the uptake and 
14movement of G -labelled  d ifenzoquat by the  methods described  in  
Section  3*7*
4 .4 .1  The e f fe c t  of method of ap p lic a tio n  of la b e lle d  d ifenzoquat
In  a l l  p rev iously  rep o rted  experim ents on uptake and movement 
of ra d io - la b e lle d  h e rb ic id es , the h erb ic id e  has been app lied  in  r e l a t ­
iv e ly  la rg e  volumes, ty p ic a l ly  e i th e r  a s  la rg e  drops produced by 
m icrosyringes or in  w ells  a ttach ed  to  the p la n t .  The development of 
the s in g le  drop a p p lic a to r  described  in  Section 3*3*1 made i t  p ossib le  
to  apply la b e lle d  h erb ic id e  in  a c tu a l spray drop s iz e s .  This was 
considered e s s e n tia l  f o r  the study of uptake and movement in  r e la t io n  
to  c o n tro lle d  drop a p p lic a tio n  because th e  use of la rg e  drops would lead  
to  considerab le  over-dosing a t  the  s i t e  of treatm en t due to  the high 
concen tra tion  of herb ic id e  necessary . A pplication  by m icrosyringe 
may th e re fo re  r e s u l t  in  lo c a l  to x ic  responses of a  le v e l  no t normally 
encountered from sprayed d e p o s its , although i t  i s  acknowledged th a t  th i s  
may not be so much of a problem w ith p rev iously  rep o rted  work r e la t in g  
to  conventional a p p lic a tio n s  a t  much low er herb ic id e  concen tra tio n s.
With th ese  p o in ts  in  mind an experiment was c a rr ie d  out to  
compare the a p p lic a tio n  of la b e lle d  d ifenzoquat in  a  high concen tra tion  
of 50 g*l  ̂ as 32 drops of 3OO diam eter (0.0142 p i)  using the s in g le  
drop a p p lic a to r , w ith a lower co n cen tra tion  of 5 g*l  ̂ as  9 drops of
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985 pm diam eter (O.5  p i)  app lied  from a m icrosyringe. As a fu r th e r  
trea tm en t fa c to r  the  a p p lic a tio n s  were e i th e r  r e s t r i c t e d  to  20 mm of 
le a f  (50-70 mm from th e  l ig u le  of le a f  2 ) o r d isp ersed  over 60 mm 
of le a f  ( 3O-9O mm from the  l ig u le ) .  The p la n ts  had 3 leav es  a t  t r e a t ­
ment and were harvested  a f t e r  24 and 72 hours from the treatm ent tim e, 
these being tim es th a t  should perm it en try  and movement of measurable 
q u a n ti t ie s  of d ifenzoquat (Sharma e t  a l , I978) .
The amount of r a d io a c t iv ity  was determ ined in  a  w ashoff, the  
t re a te d  le a f  and the  r e s t  of the  p la n t (in c lu d in g  both  ro o ts  and shoot) 
a t  each h arv est tim e, the samples being prepared f o r  s c in t i l l a t i o n  
counting as  described  in  S ection  3•7* I t  has been p rev iously  s ta te d  
th a t  d ifenzoquat i s  not s ig n if ic a n t ly  m etabolised in  p la n t t is s u e s  
w ith in  the time sca le  of th i s  and o ther experim ents rep o rted  here , so 
th a t  th e  ctmount of r a d io a c t iv ity  de tec ted  can be taken as eq u iva len t 
to  the amount of herb ic ide  p resen t in  the t is s u e  (Sharma e t  a l , 1976).
There were no v is ib le  symptoms of h erb ic id e  in ju ry  a f t e r  24 
hours. By 72 hours the  beginnings of scorch were ev iden t on the  
trea tm en ts  confined to  20 mm of l e a f ,  w ith id e n ta tio n  of le a f  t i s s u e  and 
some lo s s  of pigm entation. These symptoms were more severe w ith the 
985 pm drops than w ith the 3OO pm drops.
A nalysis of the r e s u l t s  showed a h ig h ly  s ig n if ic a n t  e f f e c t  of 
sampling time fo r  a l l  trea tm en ts  in d ic a tin g  th a t  e n try  and movement 
occurred over the  sampling period  s tu d ied . Table 4 .4 .1  shows the 
percentage of ra d io a c t iv ity  recovered in  each sample along w ith t r a n s ­
formed d a ta  upon which a n a ly s is  was performed. Between 41 and 80% of 
the app lied  herb ic ide  was recovered in  the washoff sample over the time 
period  s tu d ied , w h ils t the amounts which en tered  and were subsequently
Table 4 .4 .1  Difenzoquat uptake and movement from various methods
14of a p p lic a t io n :  th e  reco v ery  o f G -la b e lled  d ifen zo q u a t
from w ild  o a t p la n ts  a s  a  p e rcen tage  o f th e  t o t a l  re co v e ry .
F ig u res  in  b ra c k e ts  a re  d a ta  fo llo w in g  an g u la r t r a n s ­
fo rm atio n  a s  used in  s t a t i s t i c a l  a n a ly s is .
Method of 
a p p l ic a t io n
Length of 
l e a f




% o f t o t a l  la b e l  recovered  
+ (d a ta  fo llo w in g  an g u la r 
t r a n s f  orm ation)
Washoff T rea ted  R est of 
l e a f  p la n t
32 X 20 24 80 (64) 20 (26 0.03 0.7)
300 fim 72 41 (40) 55 (48 4.03 11.2 )
drops
60 24 84 (67) 16 (24 0.07 1 . 2 )
72 51 (45) 46 (43 3.78 10.8)
9 X 20 24 68 (55) 32 (35 0.02 0 .4)
985 jum 72 58 (50) 42 (40 0.43 3 .5 )
drops
60 24 68 (55) 33 (35 0.04 0 . 7)
72 41 (40) 58 (50 0.74 4 .6 )
STANDARD ERROR (2 .4 ) (2 .4 1.1)
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tra n s lo c a te d  to o th e r  p la n t p a r ts  were between 0,02 and 4.03% of th a t  
app lied , in d ic a tin g  the sm all amount of d ifenzoquat th a t  i s  re sp o n sib le  
fo r  a c t iv i ty  a t  th e  shoot apex. R esu lts  obtained by Gaseley and Goupland 
( 1980) suggest th a t  the  amount of h erb ic id e  reaching the  a p ica l reg io n  of 
the shoot i s  of the order of 20% of th a t  found in  the p la n t o ther than 
the tre a te d  le a f .  Thus the q u a n tity  of the app lied  a c tiv e  in g re d ie n t 
which u ltim a te ly  reaches the  shoot apex may be very sm all; the r e s u l t s  
of th i s  experiment would suggest a  f ig u re  of 0.08 -  0.8% of the t o t a l  
app lied  reaching the  apex by 72 hours.
There were s ig n if ic a n t  d iffe re n c e s  between the 985 pm and 3OO 
pm drop trea tm en ts  fo r  samples of both tre a te d  le a f  (P-CO.OOl) and r e s t  
of p la n t (p = 0 . 01) . Although no s ig n if ic a n t  main e f fe c t  of method of 
a p p lic a tio n  was apparent w ith the washoff sample, th i s  was probably due 
to  a s ig n if ic a n t  in te ra c tio n  between th i s  f a c to r  and tim e. Comparing 
the  washoff and tre a te d  le a f  samples as inverse  measures of h erb ic id e  
en try  i t  appears th a t  en try  was more rap id  w ith the 985 pm drops up to  
24 hours. By 72 hours more h erb ic id e  had en tered  w ith the JOO pm drops 
in  the case of the trea tm en ts r e s t r ic te d  to  20 mm of l e a f ,  and w ith  the 
more d ispersed  trea tm en ts  the  d iffe re n c e s  were no lo n g er s ig n if ic a n t .
Also a t  the  72 hour sample time s ig n if ic a n t ly  more herb ic ide  was t r a n s ­
lo ca ted  out of the tre a te d  le a f  w ith the  300 pm drops than  with the 985 
pm drops, as judged by th e  r e s t  of p la n t samples. No s ig n if ic a n t  d i f f e r ­
ences in  tra n s lo c a tio n  were apparent by 24 hours, la rg e ly  due to  the 
very low q u a n ti t ie s  d e tec ted  a t  th i s  sample tim e. There were no s ig n ­
i f i c a n t  d iffe re n c es  between the  r e s t r i c te d  and d ispersed  trea tm en ts 
w ith re sp ec t to  tra n s lo c a tio n  a t  e i th e r  sample tim e.
In  summary, i t  appears th a t  the use of 985 pm drops caused 
g re a te r  i n i t i a l  en try  of d ifenzoquat than  300 pm drops of a more
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concentrated  so lu tio n , but th a t  subsequent movement of the herb ic ide  
out of the  tre a te d  le a f  was reduced w ith the la rg e r  drops. F ac to rs  which 
varied  between these  trea tm en ts  included the  s iz e  and number of drops, 
the  i n i t i a l  herb ic ide  concen tra tion  and th a t  of the d ried  d ep o sit, the 
r e la t iv e  amounts of h erb ic id e  to  su rfa c ta n t and the r a te  of drying of 
the  drops. Therefore i t  i s  not p o ssib le  to  id e n tify  the fa c to r  respons­
ib le  fo r  the  d iffe ren c e s  in  uptake and movement, although i t  seems 
probable th a t  these d iffe re n c e s  were asso c ia ted  w ith lo c a l in ju ry  due 
to  the  g re a te r  con cen tra tio n  of the herb ic ide  d ep o sit w ith the  la rg e r  
drops. The experiment a lso  dem onstrated th a t  the  manner in  which the  
h erb ic ide  i s  app lied , th a t  i s  the drop s iz e  and concen tra tion  can 
a f f e c t  the  uptake and movement.
4 .4 .2  The e f fe c t  of d ifenzoquat concen tra tion
In  Section 4 .3 .2 .2  i t  was shown th a t  a p p lica tio n s  of d if f e re n t  
co n cen tra tions of d ifenzoquat in  uniform drops of 300 pm caused d if f e r in g  
herb ic id e  performance, w ith the  le a s t  concentrated  treatm en ts being the 
most e f fe c t iv e .  To study the  e f fe c ts  of such trea tm en ts on d ifenzoquat 
uptake and movement the h ig h est and low est concen tra tions used in  the 
b io lo g ic a l performance experim ents, namely 25 and 200 g . l  ^ , were app lied  
using so lu tio n s  con tain ing  la b e lle d  d ifenzoquat. 300 pm drops were used 
to  apply a s in g le  dose of 22 .? pg of d ifenzoquat, using 8 or 64 drops of 
the  200 and 25 g . l  so lu tio n s  re sp e c tiv e ly . Again r a d io a c t iv ity  was 
determined in  washoff, t r e a te d  le a f  and r e s t  of p la n t samples. Sampling 
tim es were 24 and ?2 hours p lus a th i rd  time of 10 days a f t e r  trea tm en t 
to  study the longer term movement of d ifenzoquat a f t e r  p e n e tra tio n  was 
complete and n ec ro sis  had f u l ly  developed.
O bservations of symptoms a t  the  s i t e  of treatm ent were recorded 
f o r  each sample tim e. At the  24 hour sample time th e re  were no s igns of
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n ec ro sis  w ith e i th e r  trea tm en t, bu t some in d en ta tio n  of the le a f  su rface  
was apparent w ith some drops of th e  200 g .l~ ^  so lu tio n . At ?2 hours most 
drops w ith th i s  co n cen tra tio n  had caused n ec ro tic  le s io n s  which extended 
to  approxim ately the circum ference of the o rig in a l drop s ta in .  In  con­
t r a s t  very few drops of the  25 g*l"^ so lu tio n  had caused n ecro sis  a t  
t h i s  tim e. By the 10 day sample time severe n ec ro tic  le s io n s  had formed 
around each drop w ith the 200 g . l   ̂ so lu tio n , each le s io n  being about 
3 mm in  diam eter, w ith t is s u e  around these  le s io n s  rem aining r e la t iv e ly  
undamaged. With the 25 g . l   ̂ so lu tio n  some v a r ia b i l i ty  in  degree of 
n ec ro sis  occurred, w ith a range of symptoms between small le s io n s  around 
each drop to  a general n ec ro sis  of the  tre a te d  a rea .
The r e s u l t s  of the r a d io a c t iv ity  determ inations are  shown in  
Table 4 .4 .2 . With the 200 g . l   ̂ trea tm en t the amount of r a d io a c t iv ity  
in  the  wash-off sample was 93^ of th a t  app lied  a f t e r  24 hours f a l l in g  to  
26% by 72 hours and 0.2% by 10 days. With 25 g . l   ̂ en try  was more ra p id  
w ith le s s  ra d io a c t iv ity  in  the  24 and 72 hour w ash-off samples. These 
d iffe re n c es  were r e f le c te d  in  the  tre a te d  le a f  samples showing th a t  
i n i t i a l  p e n e tra tio n  was g re a te r  with the  more d i lu te  so lu tio n , although 
en try  was almost complete w ith both concen tra tions by 10 days. Movement 
of d ifenzoquat out of the tre a te d  le a f  was a lso  s im ila r  f o r  both con­
ce n tra tio n s  by 10 days a f t e r  trea tm en t, w ith about 11% of the app lied  
amount recovered from ou tside  the tre a te d  le a f  a t  th i s  tim e. However, 
th e re  was g re a te r  movement of d ifenzoquat from the 25 g . l  co n cen tra tio n  
a t  the  72 hour sample tim e. At 24 hours a f t e r  treatm ent th ere  was no 
s ig n if ic a n t  d iffe ren ce  between tra n s lo c a tio n  with the two co n cen tra tio n s, 
although the amounts tra n s lo c a te d  by th i s  time were low. I t  th e re fo re  
appears th a t  en try  and movement of d ifenzoquat over the 1-3 day period  
a f t e r  a p p lic a tio n  to  w ild oat leaves are  g re a te r  w ith a more d i lu te  
treatm ent so lu tio n . The r e la t io n s h ip  between these  r e s u l t s  and the
Table 4 ,4 .2  D ifenzoquat uptake and movement from a p p lic a tio n  of
14two co n cen tra tio n s: the recovery of G -labelled
difenzoquat from w ild oa t p la n ts  as a percentage of 
the t o ta l  recovery .
F igures in  b rackets  a re  d a ta  fo llow ing angular t ra n s ­
form ation as used in  s t a t i s t i c a l  a n a ly s is .
G oncentration Sample Washoff Treated Rest of
g . l  time l e a f  p la n t
200 24 hours 93 (76) 7.2 (14) 0.12 ( 1.3)
72 hours 26 (28) 73 (60) 1.26 ( 5 .9 )
10 days 0 .2  (2 .3 ) 96 (79) 3.36 (10.9)
25 24 hours 69 (56) 31 (34) 0.03 ( 0 .6)
72 hours 6 .2  (14) 91 (73) 2.51 ( 9 .1 )
10 days 0.1 (1 .5 ) 96 (79) 3.87 (11.3)
STANDARD ERROR (2 .5 ) (2 .3 ) (0 .6 )
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observations of n ecro sis  a t  the  tre a te d  s i t e  suggest th a t  the c r i t i c a l  
period  over which d iffe ren c e s  in  en try  and movement occur i s  around or 
ju s t  before the time a t  which v is ib le  n ec ro tic  symptoms appear.
I t  would seem from the r e s u l t s  in  S ection  4 .3*2.2  th a t  th i s  
e f fe c t  i s  im portant in  determ ining the b io lo g ic a l response. P ossib ly , 
as the  p la n t continues to  grow, the d i lu t io n  fa c to r  of th e  tra n s lo c a ted  
herb ic id e  in c reases , so th a t  although the  amount of d ifenzoquat event­
u a lly  moving out of the  t re a te d  a rea  was the same fo r  both treatm en ts  by 
10 days a f t e r  a p p lic a tio n , th a t  which moved a t  the l a t e r  s tag es  of th is  
sample period  were of le s s e r  importance in  determ ining the  b io lo g ica l 
response.
4 .4 .3  The e f fe c t  of le a f  age on d ifenzoquat en try  and movement
I t  was shown in  S ection  4 .3 .2 .4  th a t  d ifenzoquat was l e s s  e f f e c t ­
ive when app lied  to  o lder leav es  of w ild o a t. As w ith the e f fe c t  of herb­
ic id e  concen tra tion  th e re  was a suggestion  th a t  th i s  might be due to  a 
reduction  in  tra n s lo c a tio n  through in ju ry  to  le a f  t is s u e  a t  the s i t e  of 
trea tm en t. Therefore an experiment was designed to  study en try  of 
d ifenzoquat in to , and movement from leav es  of d if f e re n t  ages.
-1 14A so lu tio n  of d ifenzoquat con tain ing  50 g . l  includ ing  G- 
la b e lle d  herb ic ide  was app lied  as 32 drops of 300 jm  d iam eter to  give a 
dose of 22.7 pg per p la n t. This dose was app lied  to  leaves 1, 2 or 3 
of th ree  le a f  w ild oat p la n ts , in  each case t r e a t in g  a p o rtio n  of the 
le a f  3O-9O mm from the  l ig u le .  The same samples as in  previous ex p eri­
ments were assayed a t  24 and 72 hour sampling tim es a f t e r  a p p lic a tio n .
As before th e re  was a h igh ly  s ig n if ic a n t  d iffe ren ce  between 
sampling times w ith a l l  th re e  samples. With washoff and tre a te d  le a f  
samples th ere  was no e f fe c t  of le a f  age, but an in te ra c t io n  between
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le a f  cige and tim e of sampling. The r e s u l t s  (Table 4 .4 .3 )  show th a t  
t h i s  in te ra c t io n  i s  due to  a change in  the p a tte rn  of e n try  in to  the 
leaves over the sample period . A fter 24 hours th e re  was a g re a te r  
en try  of d ifenzoquat in to  l e a f  1 than le a f  3, w ith the value f o r  le a f  
2 f a l l in g  between th e se . A fte r ?2 hours th i s  trend  was reversed  with 
the  g re a te s t  p e n e tra tio n  in to  th e  youngest l e a f ,  le a f  3*
With the  samples rep re sen tin g  movement out of the  tre a te d  
le a f  to  the r e s t  of the p la n t,  th e re  were no s ig n if ic a n t  d iffe re n c es  
a t  the 24 hour sample tim e. However by ?2 hours th e re  was g re a te r  
movement from the trea tm en ts  app lied  to  l e a f  3 than from leaves 1 or 2.
Thus th e  b io lo g ica l response observed in  the  p rev iously  
described  experim ents c o rre la te d  w ith the  degree of movement of 
d ifenzoquat determ ined here . I t  i s  p o ss ib le  th a t  the  g re a te r  cap ac ity  
of le a f  3 to  tra n s lo c a te  d ifenzoquat was resp o n sib le  f o r  the observed 
g re a te r  uptake a f t e r  ?2 hours by in c reasin g  the d iffu s io n  g rad ien t in to  
the l e a f  t i s s u e .  Conversely i t  may be th a t  rap id  i n i t i a l  en try  in to  
le a f  1 re s u lte d  in  g re a te r  lo c a l  in ju ry  which then r e s t r i c te d  l a t e r  
uptake and movement. E ith e r  of these exp lanations would be co n s is ten t 
w ith the  observation  th a t  n ec ro sis  was most severe when d ifenzoquat was 
app lied  to  o ld e r leav es  (S ection  4 .3 .2 .4 ) .
Table 4 .4 .3  D ifenzoquat uptake and movements from le a v e s  of
14d if f e re n t  ages: the recovery  of G -labelled
difenzoquat from w ild oat p la n ts  as a percentage 
of the t o t a l  recovery .
F igures in  b rackets a re  d a ta  fo llow ing angular 





Washoff Treatedle a f
Rest of 
p lan t
1 24 69  ( 57 ) 31 (3 3 ) 0 .0 8  ( 1 . 3 )
72 48 (44) 50  (4 5 ) 1.26  ( 6 . 0 )
2 24 75 ( 6 1 ) 25  ( 29 ) 0.06  ( 0 . 9 )
72 40 ( 3 9 ) 58 ( 50 ) 1.96  ( 8 .0 )
3 24 78 (6 3 ) 22 (2 7 ) 0 .2 5  ( 2 . 7 )
72 30 ( 3 3 ) 66 ( 55 ) 3.46 ( 10 . 7 )
STANDARD ERROR (2 .8 ) (2 .8 ) ( 0 . 7 )
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4 .5  O bservations on th e  s i t e s  of en try  of
f lu o re sce n t dyes
In  the  s tu d ie s  on the  e f fe c t  of form of dep o sit on h erb ic id e  
performance (Section  4 .3 ) i t  was observed th a t  the n ec ro tic  e f fe c ts  of 
h erb ic id e  drops were v a r ia b le . For example w ith some treatm en ts  of 
d ifenzoquat some drops caused severe n ec ro sis  while o thers  caused none. 
Because th e  degree of necro sis  g en era lly  in creases  w ith le a f  ag e , i t  i s  
p o ssib le  th a t  areas of severe n ec ro sis  might in d ica te  th a t  the  drop had 
been ap p lied  to  a s i t e  a lready  damaged, causing lo c a l ly  increased  herb­
ic id e  e n try . Such damage could be caused by, f o r  example, wind g iving 
r i s e  to  ab rasion  by sand p a r t ic le s  or o th er leav es , or a l te rn a t iv e ly  as 
p a r t  of th e  n a tu ra l ageing process. To t e s t  these  p o s s ib i l i t i e s  an 
attem pt was made to  id e n tify  the  s i t e s  of en try  of e x te rn a lly  app lied  
chem icals.
One technique which has been used to  in d ic a te  the en try  of 
w ater and so lu tio n s  in to  p la n t m ate ria l involves tra c in g  w ith f lu o r ­
escen t dyes. This technique has been used to  study the en try  of s o lu t­
ions in to  stom atal pores (Dybing and C u rrie r, 1959 a-nd I 96I )  and the 
ro le  of trichom es in  the re g u la tio n  of w ater passage in to  and out of 
leaves (B u tte rfa ss , 1956). The f lu o re sc e n t dye used in  much of th is  
work was 3-hydroxy -  5 ,8 ,10  -  py ren e trisu lp h cn a te  (PTS), a known 
ap o p la s tic  chemical (Peterson  and Edgington, 1976). B u tte rfa ss  a lso  
used a number of o th e r dyes in  h is  work.
In  the p resen t s tu d ie s  a method based on th a t  of Dybing and 
C u rrie r  (1959 and I 96I)  was used to  study the  s i t e s  of e n try  of a range 
of f lu o re sc e n t dyes in to  the leaves of sev era l p la n t sp ec ie s . This 
technique, described  in  Section  3*8, perm itted  only q u a li ta t iv e  observ­
a tio n  and photographic record ing  of the  s i t e s  of en try .
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4 .5 .1  The en try  of f lu o re sc e in  in to  leaves of w ild oat
(Avena fa tu a )
S olu tions con ta in ing  1.0 g . l   ̂ f lu o re sc e in  sodium s a l t  and 0.01, 
0.1 or 1.0% v /v  Agral were app lied  to  w ild oa t leaves as la rg e  drops of 
about 2 volume. Surface d ep o sit was removed by washing a f t e r  15 
minutes and the s i t e s  of dye rem aining in  the t is s u e  observed using 
blue e x c ita tio n  l ig h t .  G rea test en try  of dye, as judged by the in te n s i ty  
and ex ten t of yellow -green f lu o re sc e n t l i g h t ,  occurred w ith 0.1 and 1.0% 
Agral so lu tio n s . The lo c a tio n  of the  dye seemed to  be predom inantly the  
stom atal guard and accessory  c e l l s .  Dye was apparen tly  concentrated  in  
c e l l  w alls p a r t ic u la r ly  the  thickened c e n tra l  w alls of th e  guard c e l l s ,  
but evidence of en try  in to  the  cytoplasm ic components of the guard and 
accessory c e l ls  was provided by the obvious concen tra tion  of the f lu o re -  
escence in  the n u c le i and o ther su b -c e llu la r  o rg an e lle s , includ ing  the  
ch lo ro p la s ts . These general fe a tu re s  of f lu o re sc e in  lo c a tio n  are 
dem onstrated in  P la te  4 J a .  A fu r th e r  aspec t of the d is t r ib u t io n  of the  
dye was th a t  the  degree of en try  varied  considerab ly  from one p lace to  
ano ther. For example, a b r ig h tly  f lu o re sc e n t stoma was freq u e n tly  
ad jacen t to  a n on -fluo rescen t one (P la te  4 .3 b ). There was no obvious 
reason f o r  such d iffe re n c e s , which may have been due to  d iffe re n c e s  in  
su rface  s tru c tu re  or p erm eab ility  of the plasmalemma, or a l te rn a t iv e ly  
in  con tac t of the spray l iq u id  w ith the c e l l  su rface . A high degree of 
en try  a lso  occurred around some trichom es (P la te  4 .4 a ), and a t  le a f  
edges (P la te  4 .4 b ). These examples may be r e la te d  to  mechanical damage 
of the le a f  su rface , s ince both fe a tu re s  (trichom es and le a f  edges) 
would be more prone to  such damage when wind causes leav es  to  rub to ­
g e th e r .
The degree of e n try  of f lu o re sc e in  v aried  according to  the  time 
during which the dye so lu tio n  was allowed to  remain on the  l e a f .  Using
P la te  4.3  D is tr ib u tio n  of f lu o re sc e in  in  w ild oat leaves;
a . showing lo c a tio n  of dye in  stomata.(X200)
b. a b r ig h tly  f lu o re sc e n t stoma ad jacen t to  a 
n on -fluo rescen t one.(X200)
P la te  4 .4  Regions of high en try  of f lu o re sc e in  on wild 
oat leav es;
a. around a trichom e. (X200) 
h. a t  a  l e a f  m argin.(X l00)
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2 ^  drops of a so lu tio n  con ta in ing  0.5% Agral and 1.0 g . l ”  ̂ f lu o re sc e in , 
app lied  to  the th i rd  le a f  of 4 - le a f  p la n ts ,  a v isu a l estim ate  of the 
p roportion  of stom ata con tain ing  dye was made. A fte r 5 minutes approx­
im ately  60% of the  stom ata flu o resced  w h ils t by 15 minutes the p ro p o rt­
ion had r is e n  to  about 80%, t h i s  r i s in g  fu r th e r  to  95^ by 30 minutes and 
100% by 60 m inutes. P la te  4.5& shows an example of a le a f  exposed to  
dye so lu tio n  f o r  30 m inutes, and dem onstrates a lso  th a t  the in te n s i ty  
of fluorescence v aried  considerab ly  from c e l l  to  c e l l .
Comparing d if f e re n t  leav es  on the wild oat p la n ts  i t  was 
observed th a t  p e n e tra tio n  of f lu o re sc e in  from a 1.0 g . l   ̂ so lu tio n  con­
ta in in g  0.5% Agral in  2 p i drops was g en era lly  more rap id  on o lder 
leav es , f o r  example a f t e r  5 minutes many more c e l ls  on le a f  1 were 
f lu o re sc e n t than on le a f  3 under comparable cond itions (P la te  4 .5 b ,c ) .  
S im ila r r e s u l t s  were obtained when 300 pm  drops of the same so lu tio n  
were ap p lied . Here, p o ssib ly  due to  the  f a s t e r  drying of the sm aller 
drops, i t  took longer f o r  the  fluorescence to  reach th e  same le v e l  in  
the p la n t c e l ls  than  with 2 pH drops. The amount of dye which had 
en tered  a f t e r  1 hour in to  leav es  1, 2 and 3 of a fo u r - le a f  w ild oat 
p la n t can be seen in  P la te  4 .6a , b and c re sp e c tiv e ly . There appears 
to  be more dye p resen t in  the w alls of the epidermal c e l ls  o ther than 
the stom ata w ith the o lder leav es  which may in d ic a te  th a t  the c u t ic le  
as a whole becomes le s s  r e s i s ta n t  to  the  en try  of so lu tio n s  as leaves 
age.
4 .5 .2  The en try  of PTS in to  leaves
As was mentioned above the  dye PTS i s  known to  be alm ost 
e n t i r e ly  r e s t r i c te d  to  the apop last of p la n t t is s u e s .  Therefore the 
en try  of th i s  dye was compared w ith th a t  of f lu o re sc e in , s ince the 
observations w ith f lu o re sc e in  described  in  the preceding se c tio n  were
Plate 4.5 Location of fluorescein in wild oat leaves;
a. a le a f  tre a te d  w ith dye so lu tio n  f o r  
30 m inutes, (x6o)
h. en try  a f t e r  a 5 minute treatm ent on 
le a f  1. (X60)
c. en try  a f t e r  a 5 minute treatm ent on 
le a f  3 . (X60)

P la te  4 .6  E ntry  of f lu o re sc e in  in  w ild oat leaves 1 hour
a f t e r  trea tm en t w ith 300 pm drops of so lu tio n ;
a, le a f  1 (X60)
b. le a f  2 (X60)
c. le a f  3 (X60).
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in  marked c o n tra s t to  those with PTS on leaves of Zebrina penduLa 
rep o rted  by Dybing and C u rrie r (1959» 19^1).
F i r s t ly  the method of Dybing and C u rrie r  was follow ed as c lo se ly  
as p o ss ib le , applying to  th e  underside of Zebrina leaves a so lu tio n  con­
ta in in g  1.0 g . l   ̂ of PTS and 0.1% K02 (sodium d i- is o -o c ty l  sulpho- 
su cc in a te ) , an an ion ic  su rfa c ta n t s im ila r  to  th a t  used by these au th o rs . 
The underside was used because the upper surface i s  astomatous w ith th is  
sp ec ies . The en try  of dye was found to  be as described  by Dybing and 
C u rrie r. Patches of fluorescence around some stom ata extended sev era l 
c e l l s  away from the stom atal pore in d ic a tin g  th a t  so lu tio n  had en tered  
the sub-stom atal c a v it ie s  (which were b r ig h te s t  in  fluo rescence) and 
began to  d iffu se  through in te r c e l lu la r  spaces and c e l l  w alls (P la te  
4 .7 a ) . Having observed th i s  e f fe c t the work was repeated  using a s o lu t-  
ion of 1.0 g . l  f lu o re sc e in  in stead  of PTS, As expected the  patches of 
c e l ls  around stom ata, in d ic a tin g  stom atal pore p e n e tra tio n s , were seen 
w ith f lu o re sc e in  as w ith PTS; but in  ad d itio n  w ith f lu o re sc e in  many 
stom atal guard c e l l s  showed fluorescence w h ils t th e re  was no evidence 
of p e n e tra tio n  through the pores of such stom ata (P la te  4.7%), t h i s  
agreeing  with the  observations on wild o a ts  in  S ec tio n  4.5» 1* In  order 
to  v e r ify  these observations i t  was found p o ssib le  to  id e n tify  the  s i t e s  
of en try  of both f lu o re sc e in  and PTS from a so lu tio n  con tain ing  both 
dyes a t  1,0 g . l  ^ . This r e l ie d  on the d if f e r e n t  wavelengths of e x c ita tio n  
and em ission of the two dyes. PTS i s  ex c ited  by l i g h t  of u l t r a - v io le t  
to  v io le t  wavelengths (peak 469 nm) and f lu o re sce s  b lue-green  (peak 516 
nm) w h ils t f lu o re sc e in  i s  ex c ited  by blue l i g h t  (peak 493 nm) and 
f lu o re sc e s  green (peak 51^ nm). Using su ita b le  f i l t e r  combinations i t  
was p o ssib le  to  confine observations to  e i th e r  d y e  from a mixed a p p lic a t­
ion w ith v i r tu a l ly  no in te rfe re n c e  by th e  o th er dye. These observations 
confirmed th a t  w h ils t f lu o re sc e in  pen e tra ted  those s i t e s  which PTS
P la te  4.7  Location of dyes app lied  to  the underside of
Zehrina pendula leaves;
a . PTS (X200) 
h. f lu o re sc e in  (X200).
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en tered , many more s i t e s  were pen e tra ted  by f lu o re sc e in  alone, in  
p a r t ic u la r  many guard c e l l s  and accessory  c e l l s  (P la te s  4 .8  (Z ebrina) 
and 4 .9  (w ild o a t) .
Using a so lu tio n  of 1 ,0  g . l  PTS and 0.5% Agral the en try  of 
th i s  dye on wild oat leaves was s tu d ied , again  using 2 jSL drops. I t  
was found th a t  p en e tra tio n  of PTS was g en e ra lly  poor in to  th ese  le av es . 
However, a small p roportion  of stom ata were c le a r ly  en tered  v ia  the 
stom atal pore. I f  samples were observed a f t e r  about 5 minutes small 
drops of dye so lu tio n  could be seen immediately below the stom ata 
(P la te  4 .1 0 a). I f  l e f t  f o r  IO -I5 minutes these  drops had d isp ersed  to  
a g re a te r  a rea , apparen tly  concentrated  in  the c e l l  w alls (P la te  4 .10b), 
The occurrence of these s i t e s  of stom atal pore en try  was however low, 
being estim ated  a t  between 1 and 5% of stom ata w ith in  the area  covered 
by the drop.
4 .5.3 The en try  of o th er f lu o re sc e n t dyes in to  w ild oat leaves
A range of dyes were app lied  in  2 /j1 drops to  w ild oat leav es  
in  o rder to  examine th e  e f f e c t  of varying chemical s tru c tu re  on the 
p a t te rn  of uptake. Each dye was used as  an aqueous so lu tio n  con ta in ing  
5 g . l   ̂ of the dye and 0.1% Agral s u rfa c ta n t.  The leaves were tre a te d  
fo r  IO -I5 minutes before washing o ff  the su rface  d ep o sit, during which 
time the drops d id  no t dry. The dyes used were eosin, e ry th ro s in , ro se  
bengale, rhodamine B, coriophosphine, ac rid in e  orange, th io f la v in e  T 
and prim uline and th e i r  s tru c tu re s  are shown in  F igure 4 .43 . These dyes 
were chosen since  they re p re se n t fo u r groups of chem ically re la te d  
compounds. Eosin, e ry th ro s in  and rose bengale are  fluo rones (o r  
hydroxyxanthenes) and thus r e la te d  to  f lu o re sc e in , but having various 
s u b s t i tu t io n s .  These are a l l  sodium s a l t s ,  and th e re fo re  an ion ic  dyes. 
Rhodamine B i s  a f lu o ren e  (o r aminoxanthene) , which a re  xanthene dyes
P la te  4 .8  A comparison of the d is t r ib u t io n  of PTS and 
f lu o re sc e in  in  leaves of Zebrina pendula 
(ab ax ia l su rface) fo llow ing a p p lic a tio n  of a 
mixed so lu tio n : a and c both show flu o re sc e in
lo ca tio n ; b and d show PTS lo c a t io n .a  and b 
are  the sajne p o rtio n  of le a f  as are  c and d.
(a , b X45; c, d X120)

P la te  4 .9  A comparison of the  d is t r ib u t io n  of PTS and 
f lu o re sc e in  in  leav es  of w ild oat fo llow ing  
a p p lic a tio n  of a mixed so lu tio n : a and c
show f lu o re sc e in  lo c a tio n , b and d show PTS 
lo c a tio n , a and b a re  photographs of an area  
showing s u b s ta n tia l  en try  of PTS, w h ils t c 
and d show an a rea  where l i t t l e  PTS en try  
occurred.
( a l l  X60)

P la te  4.10 The en try  of PTS through the  stom atal pores of 
w ild oat leav es .
a . d ro p le ts  of dye so lu tio n  in  the suh-stom atal 
cav ity  ju s t  a f t e r  en try  (X200)
b. a l a t e r  s tage showing spread of the dye 














Figure k ,h j>
S tru c tu re s  of the f lu o re sce n t dyes used in  these s tu d ie s
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l ik e  the flu o ro n es , a major d iffe ren ce  being th a t  rhodamine B i s  a 
c a tio n ic  dye and ch lo ride  s a l t .  Coriophosphine and a c rid in e  orange are  
both c a tio n ic  dyes (again  ch lo rid e  s a l t s )  and are re p re se n ta tiv e s  of 
the a c r id in e  group of dyes being based on a c r id in e , which i s  chem ically 
s im ila r  to  xanthene. The f in a l  two dyes, prim uline and th io fla v in e  T 
are th ia z o le s , prim uline being a sodium s a l t  and an ion ic  dye, w h ils t 
th io f la v in e  T i s  a ch lo rid e  s a l t  and ca tio n ic  dye.
In  observing the d is t r ib u t io n  of absorbed dye the optimum 
v i s i b i l i t y  had to  be determ ined f i r s t  w ith the fo u r  a v a ila b le  f i l t e r  
com binations, which perm it fo u r d if f e r e n t  wavelengths of e x c ita tio n  
l i g h t  ( u l t r a - v io le t ,  v io le t ,  blue and green).
Eosin gave yellow fluorescence under blue e x c ita tio n  l ig h t .
The d is t r ib u t io n  p a tte rn  was very s im ila r  to  th a t  of f lu o re sc e in , which 
may be due to  i t s  s tr u c tu ra l  s im ila r i ty  to  th a t  compound, being a t e t r a -  
bromo d e r iv a tiv e . As w ith f lu o re sc e in  most stom atal guard c e l ls  were 
s ta in e d  w ith the dye lo c a liz e d  in  in t r a c e l lu la r  o rganelles  such as 
c h lo ro p la s ts  and nuclei (P la te  4 .1 1 a).
E ry th rosin  was much le s s  re a d ily  v is ib le  than f lu o re sc e in  and 
eo sin . This may be due to  the two iodine atoms r e s t r i c t in g  movement 
across  membranes, or simply to  th i s  dye being le s s  b r ig h tly  f lu o re sc e n t. 
D espite the  low in te n s i ty  of i t s  fluorescence i t  was p o ssib le  to  see 
th a t  the d is t r ib u t io n  of the  dye was very s im ila r  to  th a t  of f lu o r ­
esce in  (P la te  4 .11b).
The f in a l  dye of th i s  group, rose  bengale, again showed f a i r l y  
low in te n s i ty  flu o rescen ce , and v i s i b i l i t y  was fu r th e r  hindered because 
the  f lu o re sc e n t l i g h t  was of a red  colour very s im ila r  to  the  back­
ground fluorescence of the p la n t pigments. However i t  was s t i l l  p o ssib le
P la te  4.11 Location of f lu o re sc e n t dyes in  w ild oat leaves:
a . Eosin (X200)
b. E ry th ro sin  (X200).
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to  see th a t  the dye was concentrated  in  the guard and accessory c e l l s  
of the stom ata, w ith some en try  in to  the ad jacen t epidermal c e l l s  even 
though photographic record ing  of th i s  dye proved unsuccessfu l. Thus 
a l l  th e  dyes in  the fluorone group seem to  he lo c a lis e d  in  the stom ata 
a t  l e a s t  during the  i n i t i a l  15 minutes of e n try , and p en e tra tio n  in to  
the c e l l s  them selves c le a r ly  occurs, although p o ssib ly  le s s  so w ith  the  
more halogenated d e r iv a tiv e s .
Rhodamine B, l ik e  ro se  bengale, produces a red  fluo rescen ce , 
although the  g re a te r  b rig h tn ess  w ith rhodamine B f a c i l i t a t e s  observat­
ion w ith th i s  dye. Again dye was p a r t ic u la r ly  a sso c ia ted  with guard and 
accessory  c e l ls  of stom ata, w ith approxim ately 10-20^ of these  b r ig h tly  
f lu o re sc e n t a f t e r  15 minutes trea tm en t. The fluo rescence here was not 
confined or lo c a lis e d  to  id e n tify a b le  s i t e s  w ith in  the c e l ls  but appear­
ed g en era l. This le d  to  th e  conclusion th a t  th i s  dye i s  e i th e r  gener­
a l ly  d ispersed  throughout the c e l l s ,  or p o ssib ly  confined to  th e  c e l l  
w alls, which would g ive a s im ila r  appearance since  these com pletely 
surround the  c e l l  co n ten ts . In  ad d itio n  th e re  were a number of patches 
of b r ig h tly  f lu o re sc e n t epidermal c e l ls  around stom ata suggesting e i th e r  
stom atal pore en try  or lo c a l d iffe ren ce s  in  c e l l  p erm eab ility  to  en try  
of th e  dye (P la te  4 .1 2 a).
Coriophosphine en tered  sm all patches of epidermal c e l l s ,  
u su a lly  a sso c ia ted  w ith trichom es o r stom ata although some were iso la te d  
from th ese  fe a tu re s .  As w ith rhodamine B th i s  dye was no t lo c a liz e d  in  
in t r a c e l lu la r  organelles suggesting  complete en try  or confinement to  w alls, 
A cridine orange, very s im ila r  to  coriophosphine in  s tru c tu re , showed 
v i r tu a l ly  id e n tic a l  d is t r ib u t io n  c h a ra c te r is t ic s ;  w ith both these dyes 
about S% of the stom ata and a s im ila r  p ro p o rtio n  of trichom es showed 
dye e n try  in  the manner described . In  ad d itio n  many stom ata were
P la te  4.12 Location of f lu o re sc en t dyes in  w ild oat leaves:
a . Rhodamine B. (X200)
b. A cridine orange (X200)
c . Coriophosphine (XlOO).
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s e le c t iv e ly  f lu o re sc e n t in  the  guard and accessory c e l l s ,  although here 
again  th e re  was no evidence of lo c a l is a t io n  in  o rg an e lle s . Locations 
of these two dyes are  shown in  P la te s  4.12b (ac rid in e  orange) and 4 .12c 
(coriophosph ine).
The f in a l  two dyes s tu d ie d , th io f la v in e  T and prim uline 
although from the  same group s t r u c tu r a l ly ,  showed d if f e r e n t  p a tte rn s  
of lo c a tio n . T h io flav ine  T, which i s  c a tio n ic  showed en try  in to  a few 
patches of epiderm al c e l ls  around stom ata and trichom es in  a s im ila r  
manner to  the a c rid in e  dyes (P la te  4 .1 3 a). Also the  dye was again  
apparen tly  lim ite d  to  the c e l l  w alls or g en e ra lly  d is t r ib u te d . Prim uline 
caused a very l i g h t  general fluo rescence over the e n t i re  a rea  covered by 
the  o r ig in a l drop, p o ssib ly  due to  adso rp tion  onto the  surface  waxes.
In  ad d itio n  some stom ata were p enetra ted  (about of t o ta l  stom ata) 
as shown by increased  fluo rescence  in te n s i ty  a t  th ese  s i t e s  (P la te  4 .13b). 
The c e l l s  in  th ese  reg ions showed no sign  of lo c a l is a t io n  of the  dye a t  
su b -c e llu la r  o rg an e lle s , so in  th is  re sp ec t prim uline was s im ila r  to  
th io f la v in e  T and the a c r id in e s .
O verall th e re  seemed to  be two major types of en try  p a tte rn , 
one type ty p if ie d  by the flu o ro n es  (such as f lu o re sce ir)  which e n te r  the 
c e l ls  through the  plasmalemma and become a sso c ia te d  w ith o rg an e lle s , 
the o th er type ty p if ie d  by th e  ac rid in e s  (such as a c r id in e  orange) which 
may be r e s t r i c te d  to  the c e l l  w alls and in te r - c e l lu l a r  spaces, or p o ssib ly  
d ispersed  throughout the c e l l  volume. I f  dyes showing the second type of 
p a tte rn  do e n te r  the  cytoplasm i t  s t i l l  appears from the  observations th a t  
the in te n s i ty  of fluo rescence  and hence dye co n cen tra tio n  i s  much g re a te r  
in  the  c e l l  w a lls .
With a l l  dyes s tu d ied  the stom ata were p a r t ic u la r ly  im portant 
s i t e s  of en try , whether by passage through th e  pore or by d ir e c t  en try
P la te  4.13  Location of f lu o re sc e n t dyes in  w ild oat leaves;
a . T h ioflav ine T (X200)
b. Prim uline (X200).
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in to  the  guard and accessory c e l l s  or th e i r  w alls . The importance of 
th i s  observation  w ill be d iscussed  in  Section  4 .5 .6 .
4 .5.4  The en try  of f lu o re sc e in  in to  various dicotyledonous spec ies
A range of dicotyledonous spec ies  were used to  study the  en try  
of f lu o re sc e in  fo r  comparison w ith the r e s u l t s  obtained w ith w ild oat 
and Zebrina pendula. As with these  spec ies  2 u l drops of a so lu tio n  
con ta in ing  1.0 g . l   ̂ f lu o re sc e in  and 0 .1^ Agral were placed on the 
leaves of the  t e s t  p la n ts ,  and en try  of f lu o re sc e in  was observed a f te r  
15-20 m inutes, fo llow ing a w ash-off to  remove su rface  d ep o sit.
With the range of spec ies  used i t  was found th a t  the stom atal 
guard c e l l s  were p re fe re n tia l  s i t e s  of en try  of f lu o re sc e in  as had been 
observed w ith wild o a ts . As before the guard c e l l s  showed dye accum­
u la tio n  in  n u cle i and ch lo ro p la s ts  in d ic a tin g  en try  in to  the cytoplasm. 
This p a tte rn  of en try  was observed with ra d ish  (Raphanus sa tiv u s  c .v . 
Long b lack  Spanish), S t e l l a r i a  media, Pea (Pisum sativum ) , Polygonum 
a v ic u la re , Chrysanthemum segetum, Veronica p e r s ic a , V iola a rv en sis  
and Senecio v u lg a r is . Photographs of ra d ish , S. m edia, and pea are  
shown in  P la te  4 .14 . There was evidence of en try  of dye so lu tio n  in to  
the stom atal cav ity  with most of the  spec ies  examined, but as w ith w ild 
oat th i s  phenomenon only occurred w ith a small number of stom ata and 
never more than about in  t o t a l .  Examples of stom atal pore en try  
w ith ra d ish , P. a v ic u la re , G. segetum and P h ased u s v u lg a ris  are  shown 
in  P la te  4 .15 . Since Phaseolus v u lg a ris  leaves have few stom ata on the 
upper (ad ax ia l) su rface  the  observations on stom atal en try  w ith th is  
sp ec ies  were made on the lower (ab ax ia l) surface  as  w ith  Zebrina pendula 
in  S ection  4 .5 .2 . With a l l  o ther spec ies  observations were made on the 
upper su rface .




c. S te l l a r ia  medja (x60)
d. S te l l a r ia  media (X180).

P la te  4.15  Evidence of en try  of f lu o re sc e in  so lu tio n
through the  stom atal pores of fo u r d ico ty ledon­
ous spec ies:
a . Radish (X60)
b. Polygonum av icu la re  (X120)
c. Chrysanthemum segetum (X180)





As w ith wild oat trichom es were found to  be s i t e s  of high 
uptake of f lu o re sc e in . This was dem onstrated on the  leaves of P. 
v u lg a ris  where numerous ^ a n d u la r  trichom es which l in e  the  minor veins 
were found to  take  up f lu o re sc e in  (P la te  4 .l6 a )  as was previously- 
recorded by B u tte rfa ss  (1956). As B u tte rfa ss  observed, however, the  
dye did  not appear to  move from the trichom es in to  the rem ainder of 
the  le a f  to  any obvious degree, due probably to  the presence of a r in g  
of c u tin iz a tio n  a t  the  base of the  trichom e. Trichomes are exposed 
and th e re fo re  e a s i ly  damaged, and i t  was no ticed  th a t  damaged trichom es 
f re q u e n tly  took up more f lu o re sc e in . P la te  4 .l6 b  shows an example w ith 
ra d ish  where a considerab le  mass en try  of dye so lu tio n  occurred a t  the 
damaged base of a trichom e. F in a lly , i t  was observed w ith most of the 
spec ies  s tud ied  th a t  th e  epiderm al c e l l s  overlying veins were permeable 
to  f lu o re sc e in , as shown w ith P . v u lg a ris  in  P la te  4 .l6 c .
4 .5.5  In te rp re ta t io n  of s tu d ie s  of f lu o re sc e n t dye p en e tra tio n
A number of f a c to rs  must be considered when in te rp re tin g  s tu d ­
ie s  on f lu o re sc e n t dye p e n e tra tio n .
F i r s t ly ,  a l l  f lu o re sc e n t dyes are to  some ex ten t prone to  
fad in g . The r e s u l t  i s  th a t  as fluorescence i s  observed the  in te n s i ty  
of the  em itted  l ig h t  decreases, th i s  being caused by su b jec tin g  the 
dye m olecules or ions to  l i g h t  of the  e x c ita tio n  wavelength. However, 
fad in g  does not occur in  the  absence of e x c ita tio n  l ig h t ,  so in  p ra c tic e  
i t  i s  p o ssib le  to  reduce fad in g  to  an acceptable  le v e l by keeping the 
f lu o re sc e n t m ate ria l in  darkness or subdued l ig h t .  During observation 
or photography the  time of exposure of the m ateria l to  the e x c ita tio n  
l i g h t  must be kept to  a minimum and s tan d ard ised . In  the  p resen t s tu d ie s , 
which were not of a q u a n ti ta t iv e  na tu re , fad ing  caused no major problem.
P la te  4.16 Examples of s i t e s  of increased  en try  of 
f lu o re sc e in  in  leaves of dicotyledonous 
spec ies;
a . trichom es on the  underside of a 
Phaseolus v u lg a ris  l e a f .  (x60)
h. a  ra d ish  le a f  trichome which had 
been damaged a t  i t s  base. (X60)
c. a vein  on the underside of a
Phaseolus v u lg a r is  l e a f .  (X6o)
* •  •
* *
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Secondly, the  observation  of the  s i t e  of f lu o re sc e n t dyes in  
p la n t t is s u e s  as s tu d ied  here r e l ie d  on the  flu o resced  l ig h t  t r a v e l l ­
ing through la y e rs  of p la n t m a te ria l w ith v a riab le  o p tic a l p ro p e r tie s . 
Thus th e  r e s u l t s  must to  some e x te n t be determined by the p rocesses 
of r e f le c t io n ,  r e f r a c t io n  and ab so rp tio n  of th e  f lu o resced  l ig h t .  At 
the m agnifica tions used in  th ese  s tu d ie s  such phenomena were no t f e l t  
to  cause major problems. O ccasionally  some apparent sources around 
very b r ig h tly  f lu o re sc in g  a reas  were probably due to  r e f le c t io n  by 
such fe a tu re s  as a n t ic l in a l  c e l l  w a lls , bu t in  genera l such e f fe c ts  
were f a i r l y  obvious and by making a la rg e  number of observations i t  i s  
considered th a t  accu ra te  conclusions were drawn as to  the s i t e  of 
f lu o re sc e n t sources a t  the  c e l lu la r  le v e l .
A fu r th e r  p roperty  of f lu o re sc e n t dyes which can cause problems, 
p a r t ic u la r ly  in  q u a n tita tiv e  work, i s  th a t  th e  degree of fluorescence 
i s  o ften  su b jec t to  quenching. This i s  the red u c tio n  in  f lu o re sc en t 
in te n s i ty  by chemical e f fe c ts  such as changes in  pH or adso rp tion  a t  
fu n c tio n a l groups on macromolecules or su rfa c e s . This f a c to r  i s  very 
d i f f i c u l t  to  e lim inate  and makes q u a n ti ta t iv e  study of f lu o re sc e n t 
in te n s i ty  very d i f f i c u l t  in  th e  presence of b io lo g ic a l m a te r ia l. I t  i s  
encouraging, however, th a t  in  the p h y s io lo g ica l range of pH normally 
encountered the f lu o re sc e n t dyes used in  th i s  s tudy  are  not g re a tly  
a f fe c te d  by quenching. I t  i s  f e l t  th a t  such le v e ls  of quenching th a t  
might occur are u n lik e ly  to  have a f fe c te d  the q u a l i ta t iv e  observations 
of dye lo c a tio n  since  the red u c tio n  in  fluo rescence  would not be g rea t 
enough to  render th e  in te n s i ty  too low fo r  v i s i b i l i t y .
Two fu r th e r  p o in ts  r e l a t e  to  the in te rp re ta t io n  of the observ­
a tio n s , assuming these to  be an accu ra te  assessm ent of dye lo c a tio n .
The f i r s t  of these p o in ts  i s  th a t  the  observed lo c a tio n  of dye a t  an
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in s ta n t  in  time may not rep re sen t the  s i t e  of en try . To determ ine 
t h i s ,  observations must be made over a period  of time so th a t  the  
f i r s t  appearance of dye may be determ ined. L a te r  s i t e s  of dye lo c a t ­
ion may be the r e s u l t  of accum ulation fo llow ing  movement from a d i f f e r ­
en t s i t e  of e n try  which may not i t s e l f  f lu o re sc e  due to  ra p id  movement 
of dye away from th a t  s i t e .
F in a lly , the  observations of dye e n try  and lo c a tio n  here are 
intended to  give some idea  of the s i t e s  of e n try  of fo lia g e -a p p lie d  
h e rb ic id e s . I t  i s  l ik e ly  th a t  i n i t i a l  en try  of dye by mass flow  of 
so lu tio n  in to  pores in  the  p lan t su rface  fo llow s very c lo se ly  th a t  of 
a  h erb ic id e  in  a so lu tio n  with s im ila r  p h y sica l p ro p e rtie s . This has 
been dem onstrated by Dybing and C u rrie r (1959» 19&l) comparing the
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d is t r ib u t io n  of th e  dye PTS with G -labelled  maleic hydrazide, 
d is t r ib u t io n  of the l a t t e r  being determ ined by autoradiography. What 
i s  le s s  c e r ta in  i s  th a t  the lo c a tio n  of dye and herb ic ide  w ill be the 
same follow ing p e n e tra tio n  through s tru c tu r a l  la y e rs  of the p lan t 
su rface  involv ing  processes o ther than mass flow . These la y e rs  include 
the c u tic u la r  la y e rs , c e l l  w alls and membranes such as  the  plasma- 
lemma. In  th e  preceeding pages i t  has been shown th a t  even dyes vary 
considerab ly  in  th e i r  manner of e n try  through these la y e rs , so th a t  
h e rb ic id es  w ill unquestionably vary a lso . The dyes and h e rb ic id es  
used in  the p resen t work a re  a l l  organic, w ater so lub le  m a te r ia ls , but 
in  o th er re sp e c ts  they vary considerab ly  in  t h e i r  chem istry. Thus i t  
i s  only p o ssib le  to  observe general p r in c ip le s  of the  en try  of sub­
s tan ces in to  p la n t su rfaces  and to  attem pt to  r e la te  d iffe re n c es  to  
chemical s tru c tu re ,
4 .5 '6  Conclusions
D espite the  l im ita tio n s  ou tlin ed  in  the  preceding se c tio n  a
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number of s ig n if ic a n t  conclusions can be drawn from these  observations 
on the  en try  of f lu o re sc e n t dyes in to  p la n t su rfaces , w ith p o ssib le  
im p lica tio n s  on the en try  of h e rb ic id es .
Entry  of spray so lu tio n  in  to  leav es  by mass flow i s  l ik e ly  to  
occur to  some e x ten t, and h erb ic id e  en te r in g  in  th i s  way would be more 
re a d ily  absorbed by c e l l s  than  th a t  rem aining on the  le a f  su rface . L ike­
ly  s i t e s  f o r  such en masse e n try  are  open or damaged stom ata by pore 
e n try , trichom es, and damaged a reas  of the epiderm is, p a r t ic u la r ly  a t  
le a f  m argins. I t  i s  doubtfu l whether such e n try  i s  of major importance 
to  the o v e ra ll e f fe c t  of h e rb ic id es  since only a small amount of the 
t o t a l  app lied  so lu tio n  a c tu a lly  e n te rs  in  t h i s  way. In  a d d itio n  i t  i s  
l ik e ly  th a t  en masse en try  would only occur w ith some of the  drops in  a 
given spray d e p o s it. This would r e s u l t  in  lo c a l ly  high concen tra tions 
of herb ic id e  in  a re a d ily  absorbable form w ith in  the le a f  and may 
provide an exp lanation  f o r  the  observed v a r ia b i l i ty  in  degree of 
n ec ro sis  by drops on a given area  of l e a f .
Besides th ese  observations on s i t e s  of en masse en try  of dye 
so lu tio n s  th e re  i s  some evidence on s i t e s  of en try  by ro u te s  through 
the c u t ic u la r  la y e rs  and c e l l  membranes. The stom ata in  p a r t ic u la r  
appear to  be im portant s i t e s  of en try  of f lu o re sc e n t dyes of various 
chemical types in to  the  leav es  of a range of p la n t sp ec ies . I t  i s  
ev iden t th a t  th i s  i s  no t due to  en try  of the  so lu tio n  en masse since 
th e  ap o p la s tic  dye PTS does not p e n e tra te  such s i t e s .  The dyes s tu d ­
ied  v aried  in  th e i r  d is t r ib u t io n  through th ese  stom atal guard and 
accessory  c e l l s .  Those dyes which were not lo c a lis e d  in  s u b -c e llu la r  
o rganelles  may be g en e ra lly  d is tr ib u te d  throughout the  c e l l s  s ince  i t  
has been shown th a t  some p e s tic id e s  th a t  a x e  only tra n sp o rted  in  the 
ap op last were ab le  to  thoroughly p en e tra te  th e  e n tire  c e l l  volume of
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p o ta to  tu b er t is s u e  (Peterson  and Edgington, 19?6). I t  was suggested 
th a t  tra n sp o r t in  the  sym plast d id  not occur because such p e s tic id e s  
were not concen trated  th e re . A s im ila r  exp lanation  m ay  apply to  dyes 
showing no lo c a l is a t io n  w ith in  c e l l s .
I t  has p rev iously  been suggested th a t  stom atal c e l l s  are 
p re fe r e n t ia l  s i t e s  of en try  of h erb ic id es  (Greene and Bukovac, 1977» 
Sargent and Blackman, 1970). The observations in  th i s  study  s tro n g ly  
support th i s  view. One p o ssib le  consequence of th is  i s  th e  in ju ry  of 
death  of the stom atal guard and accessory  c e l l s  soon a f t e r  the herb ic ide  
has been ap p lied , r e s u l t in g  in  excessive w ater lo s s  through the damaged 
stoma, and consequently the dehydration of ad jacen t c e l l s .  This sequence 
of even ts may be resp o n sib le  fo r  the i n i t i a t io n  of n e c ro tic  le s io n s .
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5. GENERAL DISCUSSION
The aim of the p re sen t study was to  in v e s tig a te  the f a c to rs  
which might in fluence  the e ff ic a c y  of fo u r fo lia g e -a p p lie d  h e rb ic id es  
a t  very low volume r a te s .  I t  i s  convenient to  d iscu ss these f a c to rs  
in  sequence,
5,1  H erbicide concen tra tion
When the volume r a te  i s  reduced the herb ic ide  concen tra tion  
i s  in c reased , and few er drops a re  produced. I f  the spray drops con­
ta in  w ater or o th er v o la t i le  components they w ill dry on the p la n t 
su rface  leav in g  a d ep o sit of a c tiv e  in g red ien t e i th e r  in  an und isso lv ­
ed form or in  so lu tio n  in  the  in v o la t i le  components of the  spray l iq u id .  
Thus a t  reduced volume r a te s  the  drops are  more widely spaced and 
co n tac t a sm aller to ta l  a rea  of p la n t su rface , and the concen tra tion  
of th e  h erb ic id e  w ith in  the in d iv id u a l drop d ep o sits  i s  in c reased .
The r e s u l t s  of t h i s  study suggest th a t  i t  i s  the r e la tio n s h ip  
between h erb ic id e  con cen tra tio n  and b io lo g ic a l e f f ic a c y  th a t  i s  most 
im portant in  determ ining the s u i t a b i l i t y  of a h erb ic id e  f o r  very low 
volume a p p lic a tio n . Thus g lyphosate, which has been shown to  be w ell 
su ite d  to  very low volume a p p lic a tio n  (Turner and Load.er, 1978), was 
more e f fe c tiv e  when app lied  to  ra d ish  as a  sm aller number of drops of 
a more concentrated  so lu tio n . In  c o n tra s t difenzoquat performance may 
be s l ig h t ly  reduced a t  very low volume r a te s  (Wilson, 197&) sind th i s  
h e rb ic id e  was found to  be le s s  e f fe c tiv e  when app lied  in  a  more con­
ce n tra te d  form (S ection  4 ,3 .2 ,2 ) ,  With MGPA and paraquat, herb ic ide  
co n cen tra tio n  in  the ranges s tu d ied  did not s ig n if ic a n t ly  in fluence  
performance, and both of th ese  h erb ic id es  have been app lied  a t  very low 
volume r a te s  w ithout lo s s  in  e ffic a c y  (M erritt and Taylor, 1977 a-nd
-107“
unpublished work). However, many h erb ic id es , inc lud ing  MGPA, a re  
commonly used in  m ixtures w ith  o ther h e rb ic id es  and in  such cases the 
performance of one h erb ic id e  a t  high concen tra tion  may in fluence th a t  
of the  o ther components of the m ixture.
With difenzoquat i t  was shown th a t  the  reduced performance 
of h igher concen tra tions was due to  the  high concen tra tion  of h erb ic id es  
w ith in  in d iv id u a l drop d e p o s its , s ince increased  d isp e rs io n  of a  given 
number of drops d id  not improve performance. I t  was found th a t  a major 
e f f e c t  of high co n cen tra tion  w ith th is  herb ic ide  was n ec ro sis  a t  the  
s i t e  of some or a l l  of the drops w ith in  a few days of a p p lic a tio n . This 
i s  assumed to  be due to  lo c a l over-dosing a t  these s i t e s ,  s ince  n ec ro sis  
i s  no t a symptom commonly observed w ith conventional spraying  of th is  
h e rb ic id e , although a m ottled c h lo ro s is  f req u en tly  occurs. W hilst th i s  
n ec ro sis  may simply be the r e s u l t  of general d is ru p tio n  of c e l l s  and 
c u tic u la r  la y e rs  beneath the  drop d ep o s it, i t  i s  suggested th a t  th is  
phenomenon i s  p o ssib ly  a sso c ia ted  w ith th e  stom ata. Evidence f o r  th is  
i s  taken from the s tu d ie s  on the en try  of f lu o re sc e n t dyes in to  p la n t 
t is s u e s  (Section  4 ,5 ) which suggest th a t  stom atal c e l l s  may be 
p a r t ic u la r ly  su sc ep tib le  to  the  en try  of exogenously app lied  chem icals. 
The consequent death  or in ju ry  of the stom atal c e l l s  and ad jacen t 
epiderm al c e l l s  could i n i t i a t e  the form ation of n e c ro tic  le s io n s .
I t  was shown th a t  trea tm en ts  which caused th i s  lo c a l n ec ro sis
a lso  reduced the  e n try  in to  the  le a f ,  and tra n s lo c a tio n  to  o ther p lan t 
14p a r ts ,  of G -labelled  d ifenzoquat some 3 days a f t e r  a p p lic a tio n . There 
are  many p o ssib le  exp lanations f o r  th is  e f f e c t  of reduced en try  and 
movement of d ifenzoquat a t  h igher co n cen tra tio n s. Rate of evaporation  
of the  w ater con ten t of the  drops i s  probably not im portant, s ince th is  
occurred w ith in  about th re e  minutes of a p p lic a tio n , during which time
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th e  e n try  of d ifenzoquat i s  n e g lig ib le  (S ection  4 .2  ) .  Also i t  appears 
th a t  a d iffe re n c e  in  the  r e la t iv e  p ro p o rtio n s of su rfa c ta n t and herb­
ic id e  in  each drop a re  not re sp o n sib le  s ince  r a is in g  the s u rfa c ta n t  
con cen tra tio n  pro r a t a  w ith herb ic ide  co n cen tra tio n  was of no b e n e f it 
to  h erb ic id e  performance (S ection  4 .3 .2 .5 ) .  I t  i s  p o ssib le  th a t  en try  
and hence movement i s  g re a te r  a t  lower co n cen tra tio n s  simply due to  the 
g re a te r  a rea  of su rface  covered by the g re a te r  number of drops. How­
ev er, i t  i s  ev iden t th a t  the observed d iffe re n c e s  in  lo c a l n ec ro sis  
between high and low concen tra tions are involved in  the d i f f e r e n t ia l  
uptake, movement and p la n t response. This may in d ic a te  th a t  herb ic ide  
r e s t in g  on the  su rface  of the  n e c ro tic  le s io n  i s  simply unable to  
p e n e tra te , or move beyond the s i t e  of p e n e tra tio n . However, en try  and 
movement a f t e r  a lo n g er time period  (10 days) was equally  g re a t w ith a 
high and a low co n cen tra tion  of d ifenzoquat, w h ils t d iffe ren ce s  in  
en try  and movement occurred before the f u l l  development of n ec ro sis ; 
these  r e s u l t s  would suggest th a t  uptake and movement a re  impeded a t  a 
stage  before the  appearance of n ec ro tic  symptoms and complete c e l l  des­
ic c a tio n  and th a t  such e a r ly  e f fe c ts  a re  more im portant in  determ ining 
the u ltim ate  b io lo g ic a l response w ith t h i s  h e rb ic id e . This shortierm  
e f f e c t  on en try  and movement could be due to  an e f f e c t  of d ifenzoquat 
in  reducing the  perm eab ility  of one o r more s t r u c tu r a l  la y e rs , such as 
the  plasmalemma, such th a t  the  r a te  of e n try  i s  correspondingly reduced. 
A lte rn a tiv e ly  i t  may be due to  a response of the  p la n t c e l l s  them­
se lv e s ; an in te re s t in g  p a r a l le l  to  th i s  phenomenon l i e s  in  the lo c a l ­
is a t io n  of tobacco mosaic v iru s  (TMY) by n e c ro tic  le s io n  form ation in  
h y p ersen s itiv e  h o s ts . In  th i s  case i t  has been shown th a t  the in fe c ted  
s i t e  becomes surrounded by a  r in g  of c a l l ose, a polysaccharide produced 
as a wound response in  p la n ts  (Schuster and Flemming, 19?8; Stobbs and 
Manocha, 1977). Schuster and Flemming (lo o , s i t . ) showed th a t  th i s
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response a lso  accompanied n ec ro tic  le s io n  form ation fo llow ing treatm ent 
of tocacco p la n ts  w ith drops of hydrochloric ac id , or touching th e  le av ­
es w ith a heated g la ss  rod, and th a t  the  r e s u l t in g  le s io n  was a reg ion  
of ecessive  tra n s p ira t io n  which, in  th e i r  experim ents, le d  to  the  
accum ulation a t  the  le s io n  of la b e lle d  calcium reach ing  the leav es  v ia  
the  p e t io le .
I t  seems reasonable th a t  a s im ila r  mechanism might apply in  
the  case of d ifenzoquat in ju ry  a t  lo c a l ly  high doses. Thus i n i t i a l  
e n try  of d ifenzoquat may cause wound response p rocesses to  begin, w ith 
the  form ation of c a l l ose r e s t r i c t in g  the d isp e rs io n  of d ifenzoquat away 
from the  s i t e  of en try . An in crease  in  the t ra n s p ira t io n  stream  towards 
the  developing le s io n  could then fu r th e r  reduce d isp e rs io n .
These r e s u l t s  w ith difenzoquat show th a t  h e rb ic id es  may 
e x h ib it  v a r ia tio n  in  the  r e la t iv e  importance of lo c a l  and tra n s lo c a te d  
e f f e c ts  w ith changes in  concen tra tio n , so th a t  the  terms 'c o n ta c t ' and 
't r a n s lo c a te d ' become of questionab le  usefu lness to  c la s s i fy  herb­
ic id e s .  The r e s u l t s  emphasize in  p a r t ic u la r  the p o te n tia l  danger of 
m is in te rp re ta tio n  of experim ents which study a range of volume r a te s  
and include reduced herb ic ide  doses; by reducing concen tra tion  to  achieve 
the  lower doses i t  i s  p o ssib le  to  a l t e r  the response of the p la n t to  the 
h e rb ic id e , p a r t ic u la r ly  a t  the  s i t e  of d ep o sitio n  of in d iv id u a l drops.
F in a lly , when comparing the  r e s u l t s  of the re te n tio n  experim ents 
w ith  those on d ifenzoquat co n cen tra tio n  i t  i s  seen th a t  th e  reduced e f fe c t  
of h ig h er concen tra tions a t  very low volume r a te s  may be p a r t i a l ly  com­
pensated  f o r  by an increase  in  re te n tio n  of herb id ice  w ith the low er 
volume r a te s .  This may exp la in  the  small d iffe re n ce s  o ften  seen in  f i e ld  
experim ents comparing conventional and very low volume spraying of 
d ifenzoquat. Another f a c to r  which would a f fe c t  r e s u l t s  of f i e ld
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experim ents i s  th a t  of the environmental co n d itio n s . I t  was suggested 
hy Wilson (197&) th a t  v a r ia tio n  in  the e f f ic a c y  of very low volume 
sprays of d ifenzoquat may have been due to  w eather co n d itio n s, s ince 
poorer r e s u l t s  were obtained in  a dry season. This adds fu r th e r  
support to  the suggested ro le  of n ec ro sis  in  d ifenzoquat performance, 
s ince  n ec ro sis  would tend to  be more severe under dry conditions 
favouring  tra n s p ira tio n  and reducing p la n t w ater con ten t.
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5.2 Drop size
The e f fe c ts  of drop s iz e  and concen tra tion  are  l ik e ly  to  he 
c lo se ly  lin k ed  s ince  both involve v a r ia tio n  in  the degree of h erb ic id e  
lo c a l is a t io n .  This i s  ev iden t from the r e s u l t s  of S ec tion  4 .2 .1  which 
showed th a t  drop d iam eter d id  not in fluence the spread f a c to r .  Thus 
i f  drop diam eter were increased  by a f a c to r  of n, the  d ep o s it a rea  
would be increased  by a f a c to r  of n ; since the  volume (and hence the 
amount of a . i .  p e r drop) would in crease  by a f a c to r  of n , the d en s ity  
of a . i .  p er u n it a rea  of drop d ep o sit would increase  by a f a c to r  of 
n /n  = n. Therefore i f  drop d iam eter i s  doubled, the  d en s ity  of a . i .  
per u n it  a rea  i s  a lso  doubled.
In  th i s  study  drop s iz e  in  the range 200-400 ym  was found to  
a f f e c t  the performance of d ifenzoquat, the sm aller drops being the more 
e f fe c t iv e .  Since t h i s  was a sso c ia ted  w ith a reduction  in  the degree 
of n ec ro sis  a t  the s i t e  of in d iv id u a l drops i t  was concluded th a t  the  
mechanism resp o n sib le  f o r  the d iffe ren ce  in  performance was s im ila r  to  
th a t  of the e f fe c t  of con cen tra tio n  with th is  h e rb ic id e .
The o ther h e rb ic id es  in  th i s  study showed no d iffe re n c e  in  
e f f e c t  due to  drop s iz e  in  the range s tu d ied . I t  i s  p o ssib le  th a t  a 
f u r th e r  red u c tio n  in  drop s iz e ,  perhaps to  100 p m , might b ring  about a 
d iffe ren ce  in  performance w ith these  h e rb ic id es , bu t th e re  i s  no obvious 
reason to  a n tic ip a te  such an e f f e c t .
Thus from the  p re sen t r e s u l t s  i t  would appear th a t  a red u c tio n  
in  drop s iz e  w ill only improve b io lo g ic a l performance of h e rb ic id es  
such as d ifenzoquat in  which the p o s s ib i l i ty  e x is ts  of a  lo c a l  overdos­
ing e f f e c t  a t  the con cen tra tio n  involved. This conclusion should be 
emphasised since drop s iz e  i s  g en era lly  considered only in  terms of i t s  
e f f e c t  on drop numbers.
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Drop s iz e  may in fluence herb ic ide  performance by means o ther 
than d i r e c t  e f fe c ts  on b io lo g ic a l a c t iv i ty .  A number of au thors have 
described  improved re te n tio n  of small drops (See Section  2 .3 .2 ) , 
although M erritt and Taylor (1978) have suggested th a t  t h i s  may not 
apply to  the low v e lo c ity  drops of up to  about 300 pm diam eter used 
in  GDA techniques, providing th a t  a s u f f ic ie n t ly  high concen tra tion  of 
a s u ita b le  su rfa c ta n t i s  used. The use of sm aller drops may a lso  
increase  the lik e lih o o d  of herb ic ide  reach ing  any r e la t iv e ly  su scep tib le  
s i t e s  which may p resen t a sm all ta rg e t  a re a  to  the spray, and th is  
aspect w ill  be d iscussed  in  the fo llow ing s e c tio n .
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5-3 Position of deposit
Two asp ec ts  of the p o s itio n  of herb ic ide  deposit on th e  p la n t 
surface  were considered. The p o s itio n  of spray re ta in e d  from a con­
t r o l le d  drop a p p lic a tio n  was compared w ith th a t  from a conventional 
spray, as described  in  Section  4 .1 ; secondly the v a r ia tio n  in  p la n t 
response to  h erb ic id es  app lied  to  d if f e re n t  p o s itio n s  was s tu d ied  
(described  in  Section  4 .3 ) .
The o v era ll conclusion on the re la t io n s h ip  between h erb ic id e  
performance and p o s itio n  of d ep o sit was th a t  the h erb ic id es  used in  th is  
study v aried  in  t h e i r  response to  th i s  f a c to r .  Thus each herb ic ide  may 
have a unique s e t  of requirem ents in  r e la t io n  to  i t s  ap p lic a tio n , which 
depends on the  herb ic id e  mode of a c tio n  and in te ra c tio n s  w ith the  p la n t.
With wild o a ts , d ifenzoquat and paraquat were more e f fe c tiv e  
when app lied  to  the younger leav es . I t  was found th a t  d ifenzoquat up­
take by le a f  1 was g re a te r  th a r  th a t  by le a f  3 a f t e r  24 hours, but le s s  
a f t e r  72 hours. Movement of d ifenzoquat out of the tre a te d  le a f  was 
le s s  from le a f  1 than le a f  3 a f t e r  72 hours, and the degree of c h io ro tic  
and n ec ro tic  symptoms of paraquat which appeared in  the young u n trea ted  
leaves suggested a s im ila r  e f fe c t  w ith th i s  h e rb ic id e . I t  appears th a t  
the  various leaves of w ild oat can accept a c e r ta in  maximum dose of 
these  h erb ic id es  f o r  optimum b io lo g ic a l e f fe c t ,  above which perform­
ance i s  reduced, and th a t  t h i s  maximum dose i s  lower f o r  o ld er leav es . 
With glyphosate th e re  was no s ig n if ic a n t  e f fe c t  of le a f  age on perform­
ance, so th a t  the r e s u l t s  w ith paraquat and difenzoquat a re  probably 
due to  in te ra c tio n  of the h erb ic id e  and p lan t a t  the  tre a te d  s i t e  r a th e r  
than d i r e c t ly  to  d iffe re n c e s  in  the capacity  of the  various leav es  to  
tra n sp o r t substances. R etention  by the young, e re c t  leaves of w ild 
oat was found to  be g re a te r  w ith a  conventional spray than w ith GDA
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so t h i s  i s  l ik e ly  to  be a  f a c to r  c o n tr ib u tin g  to  the d iffe re n c es  in  
response w ith these two a p p lic a tio n  methods.
Increased  e f fe c t  of d ifenzoquat and paraquat when applied  
towards the  base of the  le a f  lam ina i s  in  agreement w ith previous f in d ­
ings (Coupland, Taylor and Gaseley, 1978) and may be due to  proxim ity 
to  the  shoot apex, to  d iffe re n c es  in  su rface  s tru c tu re  along th e  le a f  
lam ina or to  d iffe ren ce s  in  herb ic id e  e f f e c t  a t  the s i t e  of trea tm en t, 
p o ssib ly  as a consequence of increased  d isp e rs io n  of herb ic ide  w ith in  
th e  le a f  due to  the increased  flow of the t r a n s p ira t io n  stream  towards 
the  le a f  base.
With ra d ish  the  f o l i a r  leav es  were the most im portant s i t e  of 
spray re te n t io n  w ith both conventional and c o n tro lle d  drop a p p lic a tio n s , 
follow ed by the  cotyledons, w ith only sm all amounts of spray l iq u id  
re ta in e d  on the term inal bud and stem. Paraquat was more e f fe c tiv e  
when app lied  to  the cotyledons, probably because t h i s  herb ic ide  moves 
m ostly in  the ac ro p e ta l d ire c tio n . By c o n tra s t MGPA and glyphosate were 
more e f fe c tiv e  when app lied  to  the f o l i a r  le a v e s . However th e re  was a 
d iffe ren ce  between these  two h erb ic id es  in  th a t  MGPA was more e f f e c t ­
ive when app lied  to  the mid vein  w h ils t g lyphosate was more e f fe c tiv e  
on the lam ina between v e in s, although th e re  i s  no adequate explanation  
f o r  th i s  d iffe re n c e .
To summarize, the  to ta l  amount of spray re ta in e d  does not 
appear to  be a  f a c to r  l im itin g  the e ff ic a c y  of h erb ic id e  a p p lic a tio n s  
a t  very low volume r a te s ,  although the s i t e  of the re ta in e d  spray on 
the p la n t may be a f fe c te d  by changes in  a p p lic a tio n  method. In  most 
cases varying the p o s itio n  of the h erb ic id e  d ep o sit on the p lan t re su lte d  
in  sm all, though s ig n if ic a n t  d iffe ren ce s  in  b io lo g ic a l e f fe c t ;  where 
d iffe re n c e s  occur they may be of l i t t l e  consequence when the  r e la t iv e
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importance of the  s i t e s  as ta rg e ts  fo r  spray r e te n t io n  i s  considered. 
An example where p o s itio n a l e f f e c ts  may be of importance i s  the 
improved re te n tio n  of spray  by the young e re c t  leav es  of w ild oat 
from conventional a p p lic a tio n s  compared with GDA, s ince  these  leaves 
are  more e f fe c tiv e  as s i t e s  f o r  the a p p lic a tio n  of paraquat and 
d ifenzoquat. I t  i s  p o ss ib le  th a t  the use of sm alle r drops w ith GDA 
could improve the  r e te n tio n  of h erb ic id e  by th ese  younger leav es .
This r e s u l t  a lso  suggests th a t  i t  may not be im portant to  achieve 
movement of spray drops to  the o ld er, lower leav es  which are  o ften  
p a r t i a l ly  hidden by the crop leav es .
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3 .4 Surfactant concentration
Experiments described  in  S ection  4 .3  dem onstrated the e f fe c ts  
of the  concen tra tion  of ‘A gral’ su rfa c ta n t on the b io lo g ic a l perform ­
ance of MGPA, difenzoquat and paraquat; by applying in d iv id u a l drops 
e f f e c ts  due to  re te n tio n  were avoided. Under these cond itions 'Agral* 
co n cen tra tio n  d id  not a f f e c t  the performance of MGPA or paraquat on 
ra d ish , w ith co n cen tra tions of 'Agral* vary ing  by fa c to rs  of 1,000 and 
100 re sp e c tiv e ly . With both h erb ic id es  the  low est 'Agral* con cen tra tio n  
used was 0.01% v /v , th i s  being above the c r i t i c a l  m icelle  co n cen tra tion  
so th a t  su rface  ten sio n  remained co n stan t over the range s tu d ie d . I t  
i s  p o ss ib le  th a t  h erb ic id e  performance might be in fluenced  a t  low er 
'Agral* co n cen tra tions but these  a re  u n lik e ly  to  be used under any 
normal p ra c t ic a l  co nd itions due to  the  l ik e ly  reduction  in  r e te n t io n .
A reduction  in  the  co n cen tra tion  of 'A g ra l' to  0.03% v /v , 
however, caused a very la rg e  red u c tio n  in  the performance of d ifenzoquat 
on wild oa t; th i s  co n cen tra tio n  i s  one te n th  of th a t  recommended by the 
m anufacturers of d ifenzoquat. In  the absence of re te n tio n  d iffe re n c e s  
t h i s  i s  most l ik e ly  to  be an in d ic a tio n  of th e  ro le  of su rfa c ta n t in  
p e n e tra tio n  of herb ic id e  in to  the l e a f ,  e i th e r  d i r e c t ly  through e f fe c ts  
of the su rfa c ta n t on the  su rfaces  la y e rs  or through the maintenance of 
a so lu tio n  of th e  h erb ic id e  in  the s u rfa c ta n t rem aining a f t e r  evaporat­
ion  of th e  water from the o r ig in a l drops.
With high co n cen tra tions of d ifenzoquat, p a r t ic u la r ly  those 
s u f f ic ie n t  to  cause n e c ro s is , an increase  in  * A gral' con cen tra tio n  above 
th a t  recommended a lso  caused a  reduction  in  the  performance of d ifenzoquat, 
t h i s  being accompanied by an increase  in  th e  s e v e r ity  of n e c ro s is . This 
in c rease  in  n ec ro sis  was shown to  be p a r t ly  due d i r e c t ly  to  the  high 
con cen tra tio n  of su rfa c ta n t,  but was la rg e ly  a r e s u l t  of an in c rease  in
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the n ec ro s is  caused by the h erb ic id e  i t s e l f .  I t  i s  th e re fo re  concluded 
th a t  th e  h igher su rfa c ta n t  co n cen tra tion  caused an in crease  in  the 
p e n e tra tio n  of the h e rb ic id e , since  s e v e r ity  of n ec ro sis  and herb ic id e  
en try  were found to  be c o rre la te d  in  experim ents on the  e f fe c ts  of 
h erb ic id e  co n cen tra tion  and le a f  age (S ection  4 .4 ) .
I t  i s  not ev iden t from the  experim ents rep o rted  in  th i s  study 
whether the f a c t  th a t  'A g ra l' co n cen tra tio n  in fluenced  d ifenzoquat 
performance but not th a t  of MGPA or paraquat was due to  the  modes of 
a c tio n  of the  h e rb ic id es  or d iffe re n c e s  in  su rface  fe a tu re s  between 
ra d ish  and wild o a t.
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5.5 Concluding Remarks
The experim ents of the  p re sen t study on the  e f f e c ts  of drop 
s iz e ,  co n cen tra tio n  of a c tiv e  in g re d ie n t and a d d itiv e s , and p o s itio n a l 
e f fe c ts  in  is o la t io n  from each o th er and from re te n tio n  e f fe c ts  a re  the  
f i r s t  rep o rted  examples which employ drop s iz e s  used in  commercial 
spray ing . The development of the s in g le  drop a p p lic a to r  was e s s e n tia l  
f o r  th i s  work, and some device which produces drops w ith in  th i s  s iz e  
range should he recommended f o r  any s im ila r  fu tu re  re sea rch  programme 
involv ing  a p p lic a tio n  v a r ia b le s . Some im portant conclusions have 
emerged from the r e s u l t s .
The e f fe c t  of a h erb ic id e  a t  high concen tra tion  i s  the most 
im portant f a c to r  determ ining i t s  s u i t a b i l i ty  f o r  very low volume 
a p p lic a tio n , th i s  depending la rg e ly  on whether damage occurs a t  the s i t e  
of trea tm en t w ith in  a few days a f t e r  a p p lic a tio n . A knowledge of the  
mechanism of such lo c a l  e f fe c ts  could be used to  improve the perform­
ance of very low volume sprays and widen the range of herb ic id es  
ap p licab le  a t  such r a te s .  Indeed, s in ce  the e f fe c ts  a t  the  s i t e  of 
trea tm en t which l im i t  a c t iv i ty  appear to  take place before the onset of 
v is ib le  n ec ro tic  symptoms, i t  i s  l ik e ly  th a t  inform ation gained using 
high concen tra tions could a lso  b e n e f it  sprays a t  more conventional 
volume r a te s  where s im ila r  e f fe c ts  may occur, but a t  su b -n ecro tic  le v e ls .  
I t  i s  most l ik e ly  th a t  th e  means to  overcome lo c a l ly  damaging physio­
lo g ic a l  e f fe c ts  w ill be found by research  on m odifica tion  of e x is tin g  
fo rm ula tions, both w ith re sp e c t to  th e  herb ic ide  molecule i t s e l f  and 
to  the a d d itiv e  con ten t of the  spray . The reduction  of volume r a te  to  
around 20 l .h a  or le s s  provides the  opportunity  to  examine fo rm ulation  
v a r ia t io n s  h i th e r to  regarded as im p rac tica l, p a r t ic u la r ly  those involv­
ing non-aqueous c a r r ie r  l iq u id s  and expensive a d d itiv e s .
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V aria tio n  in  drop s iz e  w ith in  the  range 200-400 pm does not 
appear to  a f fe c t  herb ic ide  performance g re a t ly .  The drop spreading 
s tu d ie s  show th a t  to  coun terac t the  problems due to  in c reasin g  d en s ity  
of h erb ic id e  d ep o sits  as  the  volume ra te  i s  decreased, the drop diam eter 
would need to  be halved f o r  each doubling in  h erb ic id e  co n cen tra tio n . 
C learly  th e re  i s  a  l im i t  to  the  ex ten t to  which drop s iz e  can be 
reduced w h ils t m aintaining adequate d ep o sitio n  of drops w ith in  the 
ta rg e t  a rea  and re te n tio n  on p la n t su rfa c e s . However, fu tu re  develop­
ments could improve re te n tio n  and d r i f t  co n tro l w ith  sm all drops and 
thus low er the p ra c t ic a l  l im i ts  of drop s iz e .  Such developments as 
the  in tro d u c tio n  of a i r  stream s in to  sprays (Jegatheesw aran, 1978) and 
the e le c t r o s ta t ic  charging of drops (Byass, Lockwood and Andrews, 1979) 
may help  in  th is  way, w h ils t a lso  a l te r in g  th e  p a tte rn  of d is t r ib u t io n  
of re ta in e d  spray on fo lia g e , p o ssib ly  in  a b e n e f ic ia l  way.
This study has id e n t i f ie d  c e r ta in  p o te n tia l  problems of 
experim ental technique when working with very  low volume r a te s .  The 
use of reduced concen tra tio n s  of herb ic ide  in  o rder to  study reduced 
doses should be avoided i f  conclusions a re  to  be drawn r e la t in g  to  the  
f u l l  recommended dose, th i s  being p a r t ic u la r ly  im portant where a  wide 
range of volume r a te s  are  involved; as t h i s  study has revealed , the 
type of p la n t response may vary w ith co n cen tra tio n . Secondly th e  use 
of la rg e  drops, as produced by sy rin g es , may be in ap p ro p ria te  f o r  
s tu d ie s  on the en try  and movement of fo lia g e -a p p lie d  h e rb ic id es  s ince  
the r e s u l t s  may not r e la te  to  those of normal spray  drop s iz e s . I t  
may be p a r t ic u la r ly  im portant to  avoid techniques which s ig n if ic a n tly  
a l t e r  the  r a te  of drop drying; i t  appears th a t  under normal environ­
mental cond itions spray  drops dry qu ick ly  leav in g  a d e p o s it of the 
a c tiv e  in g red ie n t p lu s a d d itiv e s , and th a t  most h e rb ic id e  en try  must
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t  he r e f  ore taJce p lace  from such a d ep o sit r a th e r  than from an aqueous 
drop.
I t  i s  ev iden t th a t  r e te n tio n  s tu d ie s  are  of more value i f  
co n s id e ra tio n  i s  given to  th e  d is t r ib u t io n  of the re ta in e d  spray , and 
th a t  th i s  should be linked  to  a  knowledge of the  v a r ia t io n  in  su scep t­
i b i l i t y  of various reg ions of p la n t su rfaces  to  the en try  and tra n sp o r t
of h e rb ic id e s . Since i t  appears th a t  a l l  h e rb ic id es  may have a 
c h a ra c te r is t ic  s e t  of a p p lic a tio n  requirem ents p e c u lia r  to  th e i r  modes 
of a c tio n , th i s  work should be extended to  cover a wider range of 
h e rb ic id e s .
A number of f a c to rs  which were outside the scope of the p resen t 
study a re  n ev erth e less  l ik e ly  to  be im portant to  o v e ra ll herb ic ide  
a p p lic a tio n  requirem ents. The e f fe c ts  of c lim atic  cond itions were 
la rg e ly  ignored in  th is  study , bu t may w ell in fluence a p p lic a tio n  
requirem ents. For example the onset of n ecro sis  i s  l ik e ly  to  be
in fluenced  by such f a c to rs  as  hum idity, tem perature and l ig h t  in te n s ­
i ty .  Secondly,the presence of a crop canopy and a i r  movement in  the 
f i e ld  are  l ik e ly  to  in fluence the re te n tio n  and drying r a te s  of spray 
drops. However, crop canopies and a i r  movement in  the f i e ld  a re  
d i f f i c u l t  to  q u an tify , and techniques need to  be developed which can 
determ ine small q u a n ti t ie s  of spray on the contaminated su rfaces  of 
fie ld -grow n p la n ts . F in a lly , the e f fe c ts  of varying the herb ic ide  
a p p lic a tio n  method on the to le ran ce  of various crop spec ies  and 
c u l t iv a r s  to  h e rb ic id es  req u ire  d e ta ile d  study; t h i s  a rea  a lso  needs 
sp e c ia l techniques capable of q u an tify in g  the e f fe c ts  of su b -le th a l 
doses of herb ic ide  on a p ic a l development and r e la t in g  them to  the 
u ltim ate  crop performance a t  h a rv est. Because such techniques remain 
to  be developed crop s e le c t iv i ty  was a f a c to r  la rg e ly  ignored in  the 
p re sen t study.
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